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ABSTRACT

The coastal riverine systems of south-eastern (SE) Australia are characterised by
high biological productivity and diversity, associated with highly variable
environmental and climatic conditions, as well as detrimental anthropogenic
influences. To deal with the climatic variability, many of the fishes endemic to these
systems have evolved specialised physiological and life history adaptations, which
allow them to utilise a variety of habitats over a range of spatial and temporal scales.
Consequently, to sustainably manage impacts on these populations, including any
recreational or commercial fisheries based on the fish species, a thorough knowledge
of their ecology, life history and habitat requirements is required. Two such species,
estuary

perch,

Macquaria

colonorum

and

Australian

bass,

Macquaria

novemaculeata, are members of a global family of fishes of high ecological and
recreational fishery importance and represent the only catadromous Percichthyids
found world-wide. The present research was initiated to address the lack of
biological and ecological data available for these co-occurring closely related
species, in particular for M. colonorum, and to provide the additional life history
information required to assist in their conservation and management.

The spatial and temporal variability in life history characteristics, including age,
growth, recruitment and reproductive status of M. colonorum populations were
examined in three coastal catchments in SE Australia: the Hawkesbury; Clyde; and
Bemm rivers. Validated age and reproduction data from 1 644 fish indicated that M.
colonorum is a long-lived species (up to 41 years), that exhibits a flexible spawning
strategy. Somatic growth was found to be rapid up until 3 to 4 years of age, after

xxii

which fish matured and growth slowed considerably. Sex-dependent growth
differences were evident in all three rivers, with females of M. colonorum reaching
significantly larger asymptotic lengths than males. Population age structures
indicated variable year class strengths and there was an absence of larger, older (>10
years) individuals in the two rivers subject to commercial fishing. Peak spawning
periods for M. colonorum occurred earlier (June-August) in the two most northern
populations (Hawkesbury and Clyde) compared with the Bemm River (SeptemberNovember) further south. Ripe females were captured only in the lower estuarine
reaches and displayed a group synchronous pattern of oocyte development. Similar
to M. novemaculeata, M. colonorum was found to be a highly fecund species with
larger fish having greater reproductive potential. This, combined with their
longevity, suggests that M. colonorum possess a long reproductive lifespan, which
may ultimately provide populations with resilience in times of unfavourable
conditions.

An acoustic telemetry array was used to monitor the residency and movement
behaviour of adult M. colonorum and M. novemaculeata in the freshwater and
estuarine reaches on the Shoalhaven River. Both species displayed significant shifts
in seasonal and size-related habitat use. Specifically, M. colonorum predominantly
resided in deep (> 5 m) areas within the middle (mesohaline) reaches of the estuary
during the spring to autumn months. In winter, individuals made frequent
downstream migrations, often to localised areas within the lower estuary. In contrast,
M. novemaculeata were distributed in shallow (< 2 m) habitats throughout the year,
within the upper (oligohaline) estuarine reaches of the river, as well as in fresh water.
Like M. colonorum, M. novemaculeata made extensive downstream and upstream
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movements, often coincident with reproductive behaviour, changes in water
temperature and increased freshwater inflows. It appears that the high-site fidelity
and repetitive homing displayed by both species is influenced by ontogenetic
behaviour and prey availability. Furthermore, the previously reported ‘catadromous’
life cycle of these fish species (in particular, for M. novemaculeata), may not be
obligatory.

Potential biological processes and environmental variables responsible for
influencing the spatial ecology and movement behaviour of M. colonorum and M.
novemaculeata were also investigated. Overall, large-scale movements (nonspawning and spawning) for both species were correlated with flood events, as well
as trends in seasonal cooling and warming of water temperatures. For M.
novemaculeata there was no evidence for increased numbers of migrants with higher
river flow pulses while, in contrast, the frequency of individual M. colonorum
migrations to the spawning grounds was consistently higher during ‘wetter’ periods.
Behavioural rhythms in both species were consistent over broad temporal and spatial
scales and often influenced by diel or tidal state. In particular, migrants of both
species exhibited a preference for dusk to dawn activity. Location, visitation rates
and occupation of spawning grounds by M. colonorum, along with the importance of
maintaining base river flows for M. novemaculeata migrants to negotiate natural
barriers, highlights the need for managing each species in terms of their particular
environmental and habitat requirements.

This study provided new information on key biological and ecological characteristics
of two endemic, co-occurring catadromous fishes inhabiting the complex riverine
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environments of SE Australia. It also highlighted the implications and considerations
for managing these highly flexible riverine fish, their fisheries and their environment.
Further research is recommended to provide a greater understanding of
physiological, behavioural and ecological linkages through which environmental
factors influence the distribution, movement and recruitment success of M.
colonorum and M. novemaculeata populations.
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CHAPTER 1

INTRODUCTION

This thesis presents the results of recent research undertaken in south-eastern (SE)
Australia on two co-occurring estuarine-dependent fish species, estuary perch,
Macquaria colonorum and Australian bass, Macquaria novemaculeata. Both of these
species are subject to environmental impacts in the region, particularly freshwater
extraction, as well as from considerable recreational fishing pressure. While there is
a general acceptance that improved management is required, development of new
management strategies has been hampered by the lack of information about the life
history and environmental requirements of both species, in particular for M.
colonorum. The current research has the general objective of improving the available
information about both M. colonorum and M. novemaculeata, particularly in respect
to their life history and environmental requirements. In this introductory chapter, a
general background to the estuarine environments of SE Australia has been provided,
followed by a summary of existing information about these two fish species. The
chapter is concluded with an outline of the study rationale, research objectives and
thesis structure.
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1.1 Background

1.1.1 The environment
Estuaries are critical transition zones linking land, freshwater and marine habitats,
and are spatially and temporally complex because of the mixing of saltwater and
fresh water (Rochford 1951; Pritchard 1967; Gillanders et al. 2011). South-eastern
(SE) Australian estuaries are relatively sheltered, with low wave energy compared to
ocean waters and contain a variety of habitats (e.g., deep and shallow water),
substrates (e.g., sand and mud) and vegetation types (e.g., mangroves, saltmarshes
and seagrasses), all of which support diverse and productive biological communities
(Rochford 1951; West et al. 1985; Roy et al. 2001). These estuaries, similar to those
worldwide, provide important nursery grounds and places of refuge for many fish
and crustacean species and thus support large commercial and recreational based
fisheries (Cyrus 1991; Roy et al. 2001). They also provide critical routes of
migration and spawning habitat for many diadromous species (Lenanton and Potter
1987; Potter et al. 1990).

Estuaries along the SE Australian coastline were formed during the quaternary
glacial and interglacial periods by oscillating sea levels, which repeatedly excavated
and infilled bedrock valleys (Roy 1984; Roy et al. 2001). The majority of the rivers
feeding into these estuaries are of short lengths and high grades, meaning they flow
rapidly and are subject to severe floods and flow variability (Kirkup et al. 1998). As
a consequence of this geomorphology, as well as the low variable climate, these
coastal rivers are connected to the ocean by dynamic estuaries, which may be
permanently, or intermittently open, dependent on extent of estuary mouth hydro-
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dynamics, fluvial input and rainfall (West et al. 1985; Roy et al. 2001). The coastal
riverine systems of SE Australia are highly unpredictable environments characterised
by large environmental fluctuations, particularly in relation to rainfall. Such
unpredictable hydrological conditions cause strong fluctuations of abiotic factors
(e.g., salinity and water temperature) and produce environmental instability that
place considerable physiological demands on the fauna that occupy these systems
(Harrison and Whitfield 2006).

1.1.2 Freshwater inflows
Freshwater inflows, whether natural or deliberately released, are one of the principle
physical variables that determine the characteristics of an estuary or coastal riverine
system (Kimmerer 2002). The timing, quantity and duration of flows, and the quality
of water are critical for maintaining the health of the rivers upon which ecosystems
depend (Robins et al. 2005). In Australia, freshwater inflows have been recognised
as playing an important role in the productivity associated with freshwater (Bayley
1988; De Graaf 2003) and estuarine systems (Drinkwater and Frank 1994;
Loneragan and Bunn 1999; Gillanders and Kingsford 2002). In particular, freshwater
inflows affect the circulation patterns and nutrient exchange processes in riverine
ecosystems (Drinkwater and Frank 1994; Qu and Kroeze 2010). They are also
responsible for influencing a myriad of environmental factors, including salinity
regimes (Kirkup et al. 1998), water temperature (Attrill and Power 2004) and
dissolved oxygen concentrations (Somville and De Pauw 1982).

The direct and indirect impacts of freshwater inflows on fish communities have been
well documented, including their effect on the distribution and habitat utilisation of
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predator and prey organisms, as well as on their population dynamics (e.g.,
recruitment and growth) (Robins et al. 2005). Many fish species have specific
salinity requirements at different stages of their life-cycle, as certain fishes use
freshwater and salt water habitats over varying temporal scales (e.g., seasonally,
annually) and for different reasons (e.g. spawning, juvenile growth) (Laroche et al.
1997; Sheaves et al. 1999; Barletta et al. 2005). Indeed, Whitfield (1994) identified
salinity gradients within South African estuaries as being the most important factor
in successful recruitment of larval and juvenile fish. Moreover, positive relationships
have been demonstrated between freshwater inflows and recruitment variability of
many estuarine-dependent fishes (Kimmerer et al. 2001; Ferguson et al. 2008;
Jenkins et al. 2010). In particular, significant increases in river discharge can 'trigger'
important reproductive cues in fishes and promote access to suitable spawning
habitat (Robins et al. 2005). Alternatively, increases in nutrient loads lead to
improved food availability for larvae and juveniles, which in turn increases their
survival and accelerates growth (Quinones and Montes 2001; Robins et al. 2006).

Variability and magnitude of freshwater flows to river systems, and the response in
the salinity structure of estuaries, is undergoing change. In some regions, freshwater
inflows have been reduced through human activities, such as building dams, water
abstraction and/or diversion for human consumption, industry, agriculture and
aquaculture (Gillanders and Kingsford 2002). Salinity structure has also be been
affected by anthropogenic activities, such as maintaining artificial entrances to
estuaries, that would otherwise be closed to the sea for varying periods (Kimmerer
2002). Freshwater inflows have also shown declines in some regions through
reduced rainfall and/or increased evaporation resulting from climate change
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(Meynecke et al. 2006). These factors, alone or combined, can substantially change
the natural flow regimes of the rivers including seasonal flow cycles, variability of
flows and water quality, which in turn will also affect the biota of river systems
(Gehrke and Harris 2000; Kimmerer 2002).

1.1.3 Estuarine dependence and diadromy
Estuarine-dependent fishes are generally defined as those taxa whose populations
would be adversely affected by the loss of estuarine habitats (Whitfield 1994;
Whitfield and Cowley 2010). Within SE Australia many fish species are dependent
on estuaries for at least part of their lifecycle, and a large proportion of these taxa are
endemic to the continent (Pollard 1981; Potter et al. 1990). They include: marine
species that usually breed in the ocean, but juveniles are dependent on the estuaries
as nursery areas (e.g., sciaenids, sparids); diadromous species that migrate between
fresh water and marine waters for breeding purposes (e.g., percichthyids, latids); and
predominantly freshwater species utilising estuaries for larval and juvenile
development (e.g., prototroctids) (Hutchins and Swainston 1986; McDowall 1996).
Although the total number and status of estuarine-dependent fishes in Australia is
still not fully known, it is assumed to be of considerable significance. For example,
Pollard (1981) calculated 65% of the total weight landed by commercial fishers in
New South Wales (NSW) was made up of estuarine-dependent fish and crustacean
species. Moreover, in South Africa, whose estuaries are of similar latitude and
riverine dynamics to those in NSW, 50% of the fish species recorded were regarded
as having a strong association with estuarine systems (Whitfield and Cowley 2010).
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Another important group of fishes endemic to SE Australia are the diadromous
fishes. The term ‘diadromy’ is generally defined as fishes that migrate between the
sea and freshwater to carry out their different life history stages (Myers 1949;
McDowall 1988). Diadromy occurs in 16% of the total number of Australian
freshwater fishes and is most common among the primitive lineages (McDowall
1988). Diadromy comes in three forms: anadromy; catadromy; and amphidromy (see
Figure 1.1). Of these, ‘catadromy’ refers to fish species which spend most of their
life in freshwater and migrate to the sea to breed. This simplified definition has since
been extended to also include spawning fish overcoming osmotic differences when
migrating to marine environments such as estuaries, bays and other saline waters to
complete their life-cycle (McDowall 1988). In Australia, catadromous fishes are
mostly found in coastal rivers throughout the southeastern and northern regions,
however, detailed biological information only exists for larger species which have
some socio-economic value, such as barramundi, Lates calcarifer (Griffin 1987;
Staunton-Smith et al. 2004); longfinned eels, Anguilla reinhardtii (Pease et al. 2003;
Walsh 2003; Walsh et al. 2003) and Australian bass, Macquaria novemaculeata
(Harris 1983; 1985b; 1986).

1.2 Macquaria colonorum and Macquaria novemaculeata

Estuary perch (Macquaria colonorum Günther, 1863) and Australian bass
(Macquaria novemaculaeta Steindachner, 1866) are catadromous representatives of
the Australian Percichthyidae family of fishes and are dependent on estuaries to
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Figure 1.1. Migration patterns of diadromous fish between freshwater and saltwater
environments (Myers 1949; McDowall 1988; Miles 2007).
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complete their life-cycle (Harris and McDowell, 1996). Fishes of the family
Percichthyidae (temperate basses and perches) inhabit fresh water, estuarine and
marine waters throughout temperate and subtropical regions of the world (Gosline
1968; MacDonald 1978). Australia has the largest number of Percichthyidae species
(17) and, because of its isolation from other land masses during the early Eocene,
zoogeographers believe that most of the ‘continents’ freshwater fishes have a marine
ancestry (MacDonald 1978; Harris and Rowland 1996; Allen et al. 2002). Of the
eight genera of percid fishes found within Australia, there are two groups that are of
significant ecological and socio-economic importance. They are the freshwater cods
(Maccullochella spp.): Murray cod, Maccullochella peelii; Mary River cod,
Maccullochella mariensis; eastern freshwater cod, Maccullochella ikei; trout cod
Maccullochella macquariensis; and, the perches (Macquaria spp.): golden perch,
Macquaria ambigua, Macquarie perch, Macquaria australasica; M. colonorum and
M. novemaculeata (Harris and Rowland 1996).

The Macquaria genus was created by the merging of the genera Plectotripes and
Macquaria (Murray-Darling species) with Percalates (East Coast species)
(Macdonald 1978). It is thought that marine ancestors of Macquaria were trapped in
a marine inland sea 75-85 million years ago and that, as a result of tectonic and
climatic changes, a gradual decrease in salinity occurred in their habitat. Therefore,
the genera adapted to increasingly freshwater environments (Musyl and Keenan
1992). Within the Macquaria genus there are two freshwater species native to the
Murray Darling Basin (Western drainage) – M. ambigua and M. australasica. The
other Macquaria species, M. colonorum and M. novemaculeata, are confined to the
coastal rivers of SE Australia. In recent times there has been conjecture over the
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grouping of the two estuarine dependent-species within the Macquaria genus.
Although the merging of Percalates into the genus of Macquaria by Macdonald
(1978) was done using morphological and biochemical systematics, recent genetic
evidence and larval studies suggest that M. colonorum and M. novemaculeata belong
in their own genus separated from their strictly freshwater compatriots (Jerry et al.
1999; Trnski et al. 2005).

Macquaria colonorum and M. novemaculeata have a wide distribution in SE
Australia and occur in coastal drainages between southern Queensland (QLD) and
South Australia (SA) (Fig. 1.2). This includes an overlap in the distribution of the
two species that extends from the Richmond River in northern New South Wales
(NSW) south to the Snowy River in north-eastern Victoria (VIC.) (Harris and
Rowland 1996). Small populations of M. colonorum have also been found in the
north-east and north-west of Tasmania (Williams 1970; C. Walsh pers. obs.).
Macquaria novemaculeata adults are predominantly found in the freshwater reaches
of catchments, while M. colonorum are considered, in general, to prefer the brackish
and upper tidal areas of estuaries (Williams 1970; Harris 1983; McCarraher and
McKenzie 1986). Macquaria colonorum have also been captured residing in
freshwater pools in the shorter steeper river systems south of the distribution limit of
M. novemaculeata (McCarraher and McKenzie 1986).

Macquaria colonorum are distinguished from M. novemaculeata by their distinct
morphological characteristics, including a deeper more compressed body form and
concave snout (Cadwallader and Backhouse 1983; Harris and Rowland 1996;
Williams 1970). Although they are considered separate species, it is generally
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Figure 1.2. Distribution of M. colonorum and M. novemaculeata in SE Australia,
indicating area of co-habitation.

11

acknowledged that co-habitation of areas may promote in-breeding (Williams 1970).
Jerry et al. (1999) concluded that the presence of fixed and non-shared alleles in
sympatry between the two species, suggests that hybridisation is uncommon.
However, genetically tested fish with morphological traits intermediate between the
two species were found to exhibit heteroallelic expression. Possible explanations for
these instances of hybrids, particularly among low density M. novemaculeata
populations, are (i) constricted habitats at the southern extremity of their
geographical range and (ii), the inadvertant liberation of hybrid fishes through M.
novemaculeata stocking programmes, such as those of the Snowy River in Victoria.
(McCarraher 1986; Jerry et al. 1999).

There is limited information available on the distribution, and habitat usage by both
species within the estuarine environment, particularly for M. colonorum. Macquaria
novemaculeata migrate downstream from the freshwater reaches of coastal rivers
into the estuarine habitats during the austral winter months (June to August) to breed
and then return upstream after spawning (Harris 1983; 1986). In the following
summer to autumn months, juvenile and adult M. novemaculeata migrate upstream,
with the smaller males remaining in tidal waters, and the larger females moving well
into the freshwater areas. Although decreasing day lengths and temperatures appear
to coincide with gonadal development, high river flows are also thought to be
important triggers for downstream spawning migrations and subsequent strong
juvenile recruitment (Harris 1985b; 1986). Similar to M. novemaculeata, it is also
thought that distribution and critical life history stages of M. colonorum may also be
influenced by freshwater flows.
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Apart from playing a critical ecological role as apex predators in SE Australian
estuarine and freshwater ecosystems, M. colonorum and M. novemaculeata are
important icon species for estuary and freshwater sports fishers (Caldwallader and
Backhouse 1983; McCarraher 1986; McCarraher and McKenzie 1986). In particular,
the M. novemaculeata fishery relies primarily on wild fish, although there is also
stocking of water impoundments and farm dams (Harris and Rowland 1996; Growns
and James 2005). Until recently M. colonorum was virtually unknown except to a
few anglers, and even today are still considered a ‘bycatch’ species by many
recreational fishers. However, major advancements in lure technology, fishing
techniques and, more recently, the introduction of soft plastics as artificial bait, have
seen increasing numbers of anglers specifically targeting the species. Currently,
commercial fishing targeting either M. colonorum or M. novemaculeata in Australia
is banned, however, considerable numbers of both species are caught as bycatch in
NSW, particularly after flood events and during winter months when fishes
aggregate for spawning (Gray et al. 1990; West and Walford 2000; C. Walsh pers.
obs.). Current restrictions pertaining to the recreational capture of M. colonorum and
M. novemaculeata in SE Australia are in the form of a daily bag limit and minimum
size of capture, while there is a seasonal closure in estuarine waters for both species
in winter in NSW and QLD.

1.3 Study rationale

Macquaria colonorum and M. novemaculeata represent the only two known
catadromous percichthyids in the world and are members of a global family of fishes
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that have developed unique and flexible life history strategies to cope with highly
fluctuating environments (Puckeridge et al. 1998; Roberts et al. 2008). Both species
play an important ecological role in riverine systems throughout coastal SE Australia
and are of great social and economic importance, in particular as species targeted by
recreational fishers. Macquaria colonorum and M. novemaculeata are considered
highly dependent on estuarine ecosystems for reproduction and juvenile recruitment,
and although comprehensive biology and ecology studies exist for M. novemaculeata
(Harris 1985; 1985b; 1986), there has been limited work done on M. colonorum
(Williams 1970; McCarraher and McKenzie 1986; Howell et al. 2004). In particular,
there is a paucity of information regarding their growth, mortality and recruitment
dynamics of M. colonorum, with no definitive assessment done on the reproductive
timing, location, and potential fecundity of the species. Historically, the distribution
and biology of M. colonorum have been considered to mirror those of M.
novemaculeata and consequently their stock and fisheries have been managed
similarly. Therefore, the exploitation status and assessment of appropriate
management measures for M. colonorum in SE Australia is likely to remain confused
as long as large gaps in life history information remain.

It is generally acknowledged that M. colonorum and M. novemaculeata undergo
some degree of spatial and temporal reproductive isolation (Williams 1970; Harris
and Rowland 1996). Apart from tag recapture experiments (Harris 1983; C. Walsh
unpubl. data) and spatio-temporal studies examining seasonal trends in relative
population abundances (Williams 1970; McCarraher and McKenzie 1986), there are
few quantitative data pertaining to their coexistence, in particular their residency,
movement and spawning behaviour. In addition, information relating to their riverine
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use and habitat utilisation has only come from anecdotal sources, such as commercial
and recreational fishers, with limited evidence through scientific research and
assessment. Therefore, in order to develop effective, species specific conservation
and resource management strategies for M. colonorum and M. novemaculeata, it is
critical that key biological and ecological characteristics for these species are
determined, and we develop an understanding of how they have adapted to the
fluctuating and unstable riverine environments (Pittman and McAlpine 2001; Crook
et al. 2010).

The migration, spawning cues, habitat preferences and juvenile upstream dispersal of
M. novemaculeata are all considered to be highly dependent on environmental flow
regimes (Harris 1986; Growns and James 2005). There is, however, limited
information available on the magnitude, frequency, duration, timing and rates of
change of river flow events that will stimulate and facilitate their spawning
migrations. Similarly, it is has been postulated that the distribution and critical life
history stages of M. colonorum may also be influenced by freshwater inflows within
the catchment (Williams 1970; McCarraher and McKenzie 1986; Kirwin 2000).
Specifically, the magnitude of the freshwater flows into a system and the associated
effects on the salinity profile of the estuary, are likely to strongly influence the
degree to which both these fish species utilise various habitats within the river.

Studies on the relationships between estuarine fish and environmental factors, such
as salinity (Whitfield 1994; Shervette et al. 2007), temperature (Marshall and Elliot
1998), turbidity (Cyrus and Blaber 1987) have been examined world-wide. Despite
this, relationships between fish movement and environmental factors in estuaries are
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not well documented. Studies of this nature require knowledge on the real-time
movement of estuarine fishes in relation to the fluctuating environmental factors
characteristic of estuarine environments. Recent developments in acoustic tagging
technologies have increased the capacity to directly link the distribution and
movement of fish with key abiotic and biotic factors (Heupel et al. 2006; Childs et
al. 2008a; Sakabe and Lyle 2010), thus providing a greater understanding of how
these species may cope with future changes in habitat and environmental conditions.

1.4 Thesis objectives

The main aim of this thesis was to examine the relationships between the life history
strategy of two co-occurring estuarine-dependent species, M. colonorum and M.
novemaculeata and their environment. This primary goal was accomplished through
the following specific objectives:

1) To examine spatial and temporal variation in life history characteristics of M.
colonorum populations, including their age, growth, recruitment and
reproductive status within and between river systems of SE Australia.

2) To investigate seasonal residency, habitat utilisation and instream movements
between co-occurring M. colonorum and M. novemaculeata populations via
the use of acoustic telemetry.

3) To determine biotic and abiotic factors influencing the distribution,
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movement and spawning behaviour of M. colonorum and M. novemaculeata
populations.

4) To synthesise findings of the research in assessing the influence of
environmental processes on the life history strategy of M. colonorum and M.
novemaculeata, as well as make recommendations for conservation and
management and directions for future research.

1.5 Thesis structure

This thesis has been developed as a series of stand alone chapters. A separate review
of relevant literature is provided in the introductory section of each data chapter
(Chapters 2-6). Each data chapter represents a separate dataset and can be read in
isolation. However, for the purposes of this thesis they have been written and
arranged in a manner to complement each other, with cross-references between
chapters. All data chapters have been presented in the form of a manuscript and have
been either accepted or submitted for publication in an appropriate internationally
peer-reviewed journal. A summary of the aims of each chapter is outlined below:

In Chapter 1 I have provided a general background on riverine fish relationships, the
dynamic environmental conditions of estuaries and in particular freshwater inflows,
as well as an overview of the known biology and ecology of Macquaria species.
Knowledge information gaps were identified followed by a listing of the specific
objectives of this thesis.
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In Chapter 2 the spatial variation in age structures and sex-related growth of M.
colonorum populations in SE Australia were examined. This included development
of an ageing protocol required to validate appropriate ‘birth’ dates for different
regions. Age compositions were also assessed to determine inter-annual recruitment
variability and exploitation status amongst M. colonorum populations. Postulated
causal factors affecting local population dynamics were discussed relevant to life
history strategy of the species. This chapter has been adapted from an existing
published manuscript (Walsh et al. 2010). This Chapter meets Objective 1 (see
above).

In Chapter 3 the intra-specific variability in the reproductive biology of M.
colonorum across several spatial and temporal scales in SE Australia was examined.
This included sex ratios, size and age at maturity, spawning seasonality and mode as
well as fecundity. Geographic differences were discussed in relation to latitude and
physical environmental conditions. These reproductive parameters are important in
subsequent chapters for defining factors influencing the distribution and movement
behaviour of M. colonorum. This chapter has been adapted from an existing
published manuscript (Walsh et al. 2011). This Chapter meets Objective 1.

In Chapter 4 the seasonal residency, habitat utilisation and in-stream movements of
co-occurring M. colonorum and M. novemaculeata populations in the Shoalhaven
River were investigated via the use of acoustic telemetry. This included examining
the timing, location and extent of their seasonal and localised movements, as well as
differences in species distribution and home range. Abiotic and biotic factors were
discussed relative to riverine use by both species. This chapter has been adapted from
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two existing published manuscripts (Walsh et al. 2012a; 2012b). This Chapter meets
Objective 2.

In Chapter 5 the role of freshwater inflows (natural and regulated) and water
temperature in stimulating M. novemaculeata pre- and post spawning migrations
were assesssed using acoustic telemetry. Migration behaviour and swim speeds
during regulated base flows and uncontrolled spills over a high dam were also
investigated. These findings were discussed relative to the importance of managing
environmental flows to facilitate fish migration. Parts of this chapter contributed to
an existing published manuscript (Reinfelds et al. 2012). This Chapter meets
objective 3 and the first component Objective 4.

In Chapter 6 the influence of environmental factors on the spatial ecology and
spawning behaviour of M. colonorum was determined via acoustic telemetry. This
included the development of a distribution model based on the significant abiotic
effects, and examined the location, timing, frequency and duration of M. colonorum
spawning migrations in consideration of future management of the species. This
chapter has recently been submitted in a modified form for publication to Estuarine,
Coastal and Shelf Science. This Chapter meets objective 3 and the first component
Objective 4.

In Chapter 7, the findings of the research are presented and synthesised in the form
of major findings and conclusions. Recommendations for the management of both
species are discussed along with areas of future research being identified. This
chapter meets the second and third component of Objective 4.
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CHAPTER 2

GROWTH, EPISODIC RECRUITMENT AND AGE TRUNCATION IN
POPULATIONS OF A CATADROMOUS PERCICHTHYID,
MACQUARIA COLONORUM

2.1 Introduction

The teleost family Percichthyidae is widely distributed throughout temperate and
subtropical regions of the world and members of the family have adapted to
freshwater, estuarine and marine habitats by evolving unique life history strategies
(MacDonald 1978; Trnski et al. 2005; Ruzzante et al. 2006). Percichthyid
populations are generally dominated by medium-bodied (>500 g) to large-bodied
species (>5 kg), which play a major ecological role in lakes and rivers and are
important for estuary and freshwater sports fishers (Harris and Rowland 1996; Buria
et al. 2007). Historically, populations of percichthyids in Australia, America and
Asia have been negatively impacted by human activities, including over-fishing
(Reid et al. 1997; Cazorla and Sidorkewicj 2008), habitat degradation (Astles 2001;
Liang et al. 2008) as well as reduced spawning and recruitment success caused by
regulated flows (Harris 1983; Humphries et al. 1999; North and Houde 2001). In
fact, five of the eight Australian percichthyids that have been subject to commercial
and/or recreational fishing at some time in the past are currently considered
endangered (Lintermans et al. 2004). Therefore, it is critical that biological and life
history information be determined for percichthyids so that human impact can be
assessed and managed accordingly.
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Knowledge of the age and size structure of fish populations can provide important
information on their growth, mortality and recruitment dynamics. Previous studies on
percichthyids throughout their global distribution indicate that they mature early in
life (2 to 4 years) and are long-lived (over 10 years) (Bath and O’Conner 1982;
Carzorla and Sidorkewicj 2008; Secor 2000), which is also true for Australian
populations (Harris 1983; Anderson et al. 1992a; Mallen-Cooper and Stuart 2003).
The value of longevity is that reproductive output is allocated across many years and
populations can survive periods that are unfavourable for spawning and/or larval
survival (Leaman and Beamish 1984; Longhurst 2002). This is evident in southeastern Australia (SE) where low flow periods and drought conditions are often
experienced. Another advantage is that older fish from long-lived populations have
been found to produce more viable eggs and larvae (Berkeley et al. 2004). Although
the links between information on age structures of fish populations and fisheries
management are well-documented, variable recruitment and age truncation in longlived fishes have rarely been examined (Stewart and Hughes 2005; Anderson et al.
2008).

An essential part of any ageing study is the verification and validation of the ageing
technique (Campana 2001). In past studies of percichthyids, sectioned otoliths have
been recommended for estimating ages, as the use of scales has been shown to result
in underestimates, particularly for older individuals (Harris 1985b; Rowland 1985;
Secor et al. 1995). Validation of the growth formation and periodicity of increments
in otoliths should be done using a variety of methods and, where possible, using fish
of a wide spectrum of ages (Beamish and McFarlane 1983). Likewise, identifying the
first growth increment is critical otherwise age estimates can be consistently wrong
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(Campana 2001). This is particularly important for percichthyids because incomplete
or false opaque zones have been observed in sectioned otoliths from members of this
family (Harris 1985b; Anderson et al. 1992a; 1992b).

Estuary perch, Macquaria colonorum (Günther 1863), are euryhaline and along with
the closely related Australian bass, Macquaria novemaculeata, represent the only
two known catadromous percichthyids in the world. Macquaria colonorum are
distributed throughout the coastal rivers, lakes and lagoons in SE Australia from the
Richmond River in northern New South Wales, through Victoria and extending to
the Murray River in South Australia. The species also occurs in catchments in the
north-east and west of Tasmania (Fig. 1.2). As one of the apex predators in the upper
parts of coastal rivers in SE Australia, M. colonorum are extremely important
components of these ecosystems. They are also a species of great interest to
recreational fishers for sport and for their eating qualities. Macquaria colonorum is a
medium sized species, with a recorded maximum length of 75cm and weight of 10kg
with fish over 3kg considered uncommon (Harris and Rowland 1996).

To date, little biological and ecological information has been collected for M.
colonorum compared to other recreationally important percichthyids found
throughout the world. Although previous ageing work has been done on M.
colonorum (Howell 1999; Kirwan 2000), these studies were restricted to single
catchments from the southern parts of the species distribution and no thorough
validation of the ageing technique was performed. Therefore the aims of this
component of the study were to: (1) develop an ageing protocol for M. colonorum by
validating and comparing the formation of increments within the otolith
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microstructure among three populations; (2) test differences in age compositions and
growth of M. colonorum between sexes and catchments; and (3) determine and
compare the factors responsible for these differences with those reported for other
percichthyid and estuarine-dependent fishes world-wide.

2.2 Material and Methods

2.2.1 Study area
Macquaria colonorum were sampled from estuarine waters (0-35 salinity) in the
Hawkesbury (-33º56’S, 151º34’E), Clyde (-35º75’S, 150º25’E) and Bemm (37º78’S, 149º02’E) rivers of SE Australia (see Fig. 2.1). The Hawkesbury and Clyde
rivers are tidal-dominated estuaries permanently open to the sea with catchment
areas of 21500km2 and 2900km2 respectively (Roy et al. 2001). The Bemm River is a
small intermittently open estuary with a catchment area of 730km2 (Chessman 1986).
Significant freshwater inflows to all three catchments are typical between December
and March (austral summer to autumn) when these areas usually experience
moderate rainfalls. Water temperatures vary substantially between winter and
summer, ranging from 8°C to 28°C (C. Walsh unpubl. data).

2.2.2 Sample collection and processing
Sampling of M. colonorum was done monthly between 2006 and 2008 in the
Hawkesbury and Clyde rivers, and between 2001 and 2002 in the Bemm River,
primarily by rod and line fishing (angling) and by gill netting (54mm, 76mm and
102mm mesh).
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Figure 2.1. Locations in SE Australia where M. colonorum were collected. (*).
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Juvenile fish from the Clyde River were captured using a beach seine (12mm mesh).
All fish collected were measured to the nearest 0.1cm fork length (FL), weighed to
the nearest 0.1g and their sagittal otoliths removed. The gonads of each fish were
macroscopically examined for sex identification.

Estimates of age were made by examining otolith sections. One otolith from each
pair was embedded in a block of clear resin and transverse sections (300μm) taken
through the core of the otolith using a Gemmasta multi-cut diamond saw (Shell-Lap
Supplies, Mile End, South Australia). Sections were polished on both sides, mounted
on a glass slide using resin and viewed using a compound microscope with reflected
white light against a black background. Opaque zones visible in the otolith sections
were counted along the dorsal edge of the sulcus. Measurements were made from the
core to the centre of each opaque zone and to the otolith edge using a microscope
mounted video camera interfaced with a computer running Image Pro Plus (Media
Cybernetics Inc., Bethesda, Maryland, USA) image analysis software. All otoliths
were read without knowledge of the sampling details and after one month, 20% of
otoliths from all three rivers were re-read to determine the precision of estimates of
counts of opaque zones. The coefficient of variation (CV) for the two readings for
each otolith was calculated using the method described in Campana (2001).

2.2.3 Age validation
Three methods were used to validate the periodicity and timing of first and
subsequent opaque zone formation and growth in otoliths of M. colonorum: (1)
marginal increment analysis (MIA) of wild-caught fish; (2) marking of wild caught
captive fish with a vital stain (Oxytetracycline, OTC); and (3) periodic sampling of
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captive and wild-caught young-of-the-year (YOY) fish. For MIA, measurements
were made from the core of the sectioned otoliths to each successive opaque zone
and to the otolith edge along the dorsal edge of the sulcus. The marginal increment
was based on the method described in Stewart and Hughes (2007) and defined as: for
fish with no opaque zones as the distance (mm) from the core to the otolith edge; for
fish with one opaque zone as the distance (mm) from the opaque zone to the otolith
edge as a proportion of the first completed increment; and for fish with ≥ two opaque
zones as the distance from the most recently completed opaque zone to the otolith
edge as a proportion of the last completed increment. The timing of opaque zone
formation was also validated by determining the percentage of otoliths with opaque
margins that were observed throughout the year.

The growth and timing of opaque zone formation in M. colonorum were also
examined by marking the otoliths of wild-caught captive fish with OTC. In July
2006, 86 M. colonorum (154-300 mm FL) were captured by angling in the
Hawkesbury River. These fish were transported in an aerated 500-L tank to the
aquarium facility at the Cronulla Fisheries Research Centre of Excellence where they
were kept in 5 000-L flow through tanks. All fish were fed chopped prawns,
Metapenaeus macleayi, maintained at ambient water temperatures and exposed to
natural diel cycles. In August 2006, the fish were given an intraperitoneal injection
of OTC at a dose of 75mg kg-1. Four fish were sampled monthly for 14 months, then
bimonthly for a further six months to examine their otolith growth subsequent to the
OTC mark. The remaining fish were sampled in October and December 2008.
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The timing and age of fish at first opaque zone formation in M. colonorum otoliths
were estimated by examining sectioned otoliths from known YOY fish kept in
captivity and from periodically sampling juvenile fishes from the wild. In February
2007, 37 YOY fish (36-44mm FL) were captured by beach seine in the Clyde River
and transported and kept at the aquarium facility at the Cronulla Fisheries Research
Centre of Excellence in conditions comparable to that described above for adult M.
colonorum. From June 2007, 3-4 fish were sampled at monthly intervals and their
otoliths were sectioned and examined as described above. All otoliths from these fish
were examined after the experiment was terminated in February 2008. During the
study, wild juvenile YOY M. colonorum were also retained so that their otolith size
and internal structure could be used to support the interpretations of what constituted
the first opaque zone. For both these experiments, distances were measured from the
otolith core to the centre of each opaque zone and to the otolith edge.

2.2.4 Age composition and growth analyses
Counts of opaque zones were converted into an age estimate (years and months)
using the ageing protocol developed as part of this study (see results). Age
compositions of M. colonorum populations were examined for the different years
sampled in the Hawkesbury, Clyde and Bemm rivers. The growth of male and
female M. colonorum in each river was determined using the von Bertalanffy growth
function (VBGF) and was fitted to the length-at-age data using the equation:

Lt = L∞ [1-e-k(t-to)]
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where Lt is the fork length-at-age t (cm); L∞ is asymptotic length (cm FL); k is the
rate at which the curve approaches the L∞ (year -1) and t0 is the theoretical age of the
fish when it has no length (years).

The growth function was fitted using a nonlinear least squares procedure in
Microsoft Excel. Juvenile fish of indeterminate sex were included in both female and
male sample groups. The growth curves for male and female fish were compared
within each river using the analysis of residual sums of squares (ARSS) method
(Chen et al. 1992). Differences in the mean FL of males and females in different age
groups within and between each river were compared using a factorial analysis of
variance (ANOVA). All age and length data were tested to meet the assumptions of
normality and homogeneity of variance. Post hoc pair-wise comparisons of sample
means were performed with a Tukey honestly significant difference (HSD) test.
Analyses were done using the Statistica 6 (Statsoft®) software package with a P
value of < 0.05 considered significant (Zar 1974).

2.3 Results

Otolith sections from all M. colonorum revealed a clear pattern of alternating
translucent and opaque zones when viewed with reflected white light (Fig. 2.2). In
the majority of the otoliths, the core was a dense opaque region followed by a broad
translucent zone. False opaque zones were evident within the first identifiable
opaque zone in approximately 3% of fish. These false opaque zones were easily
distinguishable by their lack of continuity. Age estimates were assigned to all
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Figure 2.2. Transverse sections of M. colonorum otoliths viewed under reflected
light against a black background: a) 3+ year old, 25.3cm (FL) fish from the
Hawkesbury River; b) 8+ year old, 36.6cm (FL) fish from the Clyde River; and c)
35+ year old, 42.2cm fish from the Bemm River. Increments marked with solid
circles (●).
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M. colonorum, with comparative otolith readings showing 95.9% total agreement.
For a further 3.7% of otoliths, there was a difference of only one between the first
and second readings; the remaining 0.4% a difference of two. All errors occurred in
fish older than seven years. The CV averaged across all ages was 0.02.

2.3.1 Age validation
The monthly marginal increments for M. colonorum otoliths with no opaque zones,
one opaque zone and two or more opaque zones in the Hawkesbury, Clyde and
Bemm rivers showed considerable individual variation each month. For otoliths with
two or more opaque zones, the trends in marginal increment were similar for the
Hawkesbury and Clyde rivers (Fig. 2.3). Mean marginal increment values were
lowest in the austral spring (< 0.3 in October for both rivers and years) before
steadily increasing to reach a maximum mean increment the following year in
September (> 0.8 for both rivers and years). For both these rivers, the transition from
a wide translucent edge to a narrow opaque edge was evident in fish sampled in
October each year. By November, the recent opaque zone had fully formed in all
otoliths in both rivers and years (Figs 2.3 and 2.4). In the Bemm River, there was
high variability in mean marginal increment values that ranged from 0.4 in February
to 0.9 in December. The highest percentages of sampled otoliths with opaque
margins in Bemm River were recorded in November (77%) and December (67%)
(Fig. 2.3).

Of the 84 M. colonorum treated with OTC in August 2006, 82 fish (97%) revealed a
mark that was easily identified under ultraviolet light as a fluorescent band along the
entire length of the otolith. The timing of the OTC mark coincided with the
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Figure 2.3. Marginal increment plots for M. colonorum with two or more opaque
zones from: a) Hawkesbury (n = 444) and b) Clyde (n = 443) rivers.
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Figure 2.4. Percentage of M. colonorum otoliths with opaque edges from the
Hawkesbury (n = 444), Clyde (n = 443) and Bemm (n = 508) rivers (combined
monthly data across all years sampled).
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formation of an opaque zone and therefore appeared in the middle of the opaque
zone on subsequently sampled fish. All fish sampled in September and October 2006
had an OTC mark on the edge of the otolith. A new completed opaque zone,
subsequent to the OTC mark, first became visible in one of the four fish sampled in
September 2007 and in all sampled fish by November 2007 (Fig. 2.5). By the
completion of the experiment in December 2008, the eight fish sampled since
October 2008 had completed two opaque zones subsequent to the OTC mark.

A total of 37 YOY M. colonorum raised in aquaria were sampled monthly from June
2007 to February 2008. Five of eight otoliths from fish sampled in October (mean
core to edge distance, 0.68 mm) and all of those sampled in November (mean core to
edge distance, 0.70 mm) had recently formed their first opaque zone. Sampled
aquaria fish ranged in size from 4.4 to 9.9 cm FL, with their mean otolith core to
edge widths ranging from 0.58 mm in June (fish with no opaque zones) to 0.80mm
the following February (fish with one opaque zone). These results compared
favourably with the mean core to edge measurements of otoliths from wild
periodically sampled YOY fish captured from November 2007 (0.32 mm) to June
2008 (0.62 mm) and the distance from the core to first opaque zone in all older fish
(> 1 year) sampled in the study (0.60 ± 0.02 mm s.e., n =1493).

2.3.2 Ageing protocol
An ageing protocol was developed to convert counts of opaque zones in otoliths into
actual age (years and months) for M. colonorum. Ages were assigned based on a
‘birth’ date, width of the otolith edge and the month of capture. A birth date of 1
August was assigned to fish from the Hawkesbury and Clyde rivers and 1 November
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Figure 2.5. Otolith growth (post OTC mark) in M. colonorum (n = 82) stained with
oxytetracycline and raised in captivity.
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for fish from the Bemm River based on the middle of their spawning seasons
(Williams 1970; McCarraher and McKenzie 1986; Walsh et al. 2011, Chapter 3).
The classification of edge width was based on the distributions of marginal
increment (MI) measurements each month. Otoliths were assigned an edge status of
narrow (MI < 0.3 mm), or wide (MI > 0.6). Otolith opaque zones were complete by
November in the Hawkesbury and Clyde rivers (Figs 2.4 and 2.5) and by March in
the Bemm River (Fig. 2.4). For each river, the number of opaque zones in M.
colonorum otoliths equaled the age class for all fish sampled. However, otoliths with
a wide margin sampled between the designated birth dates and when the opaque zone
formation was completed were considered to be about to form an opaque zone. As a
result, their opaque zone counts were increased by one to assign the fish the correct
age class. The number of days from the birth date to the capture date (as a proportion
of a year) was added to the age class to give the final estimate for each fish.

2.3.4 Age composition
A total of 1 644 M. colonorum had their ages estimated from the Hawkesbury (n =
496), Clyde (n = 640) and Bemm (n = 508) rivers with maximum ages recorded
being 10, 19 and 41 years respectively. The age composition of M. colonorum
sampled from the Hawkesbury and Clyde rivers consisted mostly of fish <10 years.
Fish from the Bemm River were mostly 5 to 16 years old, with 13% of fish caught
ranging from 17 to 41 years of age. The age composition of M. colonorum collected
from the Hawkesbury and Clyde rivers showed annual progression of strong yearclasses (Fig. 2.6a-f). This trend was also apparent in Bemm River fish based on age

Figure 2.6. Age composition of M. colonorum for the Hawkesbury (a-c), Clyde (d-f) and Bemm (g-i) rivers. (*) includes 1997-8 data from
Kirwan (2000). Dashed lines represent annual progression of strong year classes. Date in bold signifies year of birth.
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estimates from M. colonorum otoliths in 1997-1998 and 2002 (Fig. 2.6g-i). In
particular, Hawkesbury River fish spawned in 2003, Clyde River fish spawned in
1998, and Bemm River fish spawned in 1985 accounted for greater than 40% of the
total fish sampled each year from each of the respective rivers (Fig. 2.6).

2.3.5 Growth
There was high variability in the length-at-age of M. colonorum from all three rivers.
For example, 3-year-old fish from the Hawkesbury River ranged from 16-29 cm FL,
8-year-old fish from the Clyde River ranged from 26-36 cm FL and 16-year-old fish
from the Bemm River ranged from 28-46 cm FL. The oldest fish (41 years) sampled
from the Bemm River was a male of 40 cm FL. ARSS tests showed that growth
curves were significantly different between the sexes in all three rivers (Hawkesbury:
F3, 506 = 18.98, P < 0.001; Clyde: F3, 770 = 82.95, P < 0.001; Bemm: F3, 504 = 72.47, P
< 0.001) with females growing to larger asymptotic lengths than males. A factorial
ANOVA, using similar age classes for each river, found significant differences in the
mean length-at-age (growth) of male and female M. colonorum within rivers (Sex:
F1, 701 = 22.95, P = 0.001), but not significantly different between rivers (P > 0.1).
Post-hoc HSD multiple comparison tests revealed that females were significantly
larger than males in all age classes tested. There was no significant interaction for the
three factors (i.e., River * Sex * Age) tested (P > 0.1). Therefore, length-at-age was
pooled across all three rivers and separated by sex (Fig. 2.7).
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Figure 2.7. Combined length-at-age data with fitted von Bertalanffy growth function
curves for male (dashed line) and female (solid line) M. colonorum from the
Hawkesbury (○, n = 496), Clyde (●, n = 640) and Bemm (∆ = 508) rivers. The
coefficients with s.e. in parentheses are given (L∞, asymptotic length; k, the rate at
which the curve approaches L∞; t0, age at zero FL). Note: 156 juvenile fish of
indeterminate sex were included in both female and male sample groups.
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2.4 Discussion

2.4.1 Age and growth
Identification of the first opaque zone, annual periodicity and timing of opaque zone
formation and growth in M. colonorum otoliths were validated using a suite of
techniques. The first opaque zone of otoliths in YOY captive and periodically
sampled wild fish was completed between October and November when fish were
approximately 14-15 months of age. Marginal increment analysis showed that
subsequent opaque zones in wild fish from the Hawkesbury and Clyde rivers were
formed primarily during the austral winter/spring period. In contrast, the highest
percentage of opaque zones on the edge of otoliths from the Bemm River was
recorded in November and were not fully completed until the following March.

Seasonality of otolith opaque zone formation can vary between fish species, and
between populations within the same species, due to a combination of physiological
(Cazorla and Sidorkewicj 2008), exogenous (Høie et al. 2009) and endogenous
factors (Beckman and Wilson 1995). This is particularly true for fishes from
temperate freshwater and estuarine habitats where environmental conditions and
productivity can be highly variable. Beckman and Wilson (1995) showed that several
fish species inhabiting sub-polar waters (45-70°N) deposited opaque zones later and
over a broader time period than the same species inhabiting temperate waters (2345°N). In contrast, Stewart et al. (1999) showed opaque zones in yellowtail
mackerel, Trachurus novaezelandiae were completed sooner in faster-growing fish
within the same age class. Opaque zone formation has also been strongly linked to
changes in calcium metabolism during periods of increased reproductive activity in
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many fish species (Beckman and Wilson 1995). Spawning seems to be related to
opaque zone formation in the otoliths of M. colonorum since the reproductive period
of this species also occurs between winter and late spring (McCarraher and
McKenzie 1986; Walsh et al. 2011, Chapter 3). The timing of opaque zone formation
with spawning seasonality has also been reported for other Australian (e.g., Murray
cod, Maccullochella peelii, Rowland 1985) and global percichthyids (e.g., white
perch, Morone americana, Bath and O’Conner 1982; largemouth perch, Percichthys
colhuapiensis, Cazorla and Sidorkewicj 2008).

Therefore, the later and highly

variable opaque zone formation in the otoliths of Bemm River fish compared to
those from the more northerly Hawkesbury and Clyde rivers could be due to one or a
combination of factors including differences in seasonal water temperatures, the
sampling of predominantly older slower-growing fish and/or differences in timing of
spawning.

There was no discernible pattern in the marginal increments for otoliths from Bemm
River fish. This was probably the result of high individual variability and gaps in
sampling data. However, there was no qualitative change to the appearance of M.
colonorum increments that might suggest that the periodicity of increment formation
alters in older fish. This uniformity has similarly been validated in other long-lived
percichthyid (e.g., M. novemaculeata, Harris 1985b; striped bass, Morone saxatilis,
Secor 2000) and catadromous (e.g., longfinned eel, Anguilla reinhardtii, Pease et al.
2003; barramundi, Lates calcarifer, McDougall 2004) species. Modal progression of
strong year classes in the Bemm River strengthened the validation of annular opaque
formation in older fish with progression in year classes showing that one increment
was deposited on the otolith each year. As long as recruitment pulses are well
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defined and there is no appreciable age-structured migration or mortality, this
method provides strong confirmation of growth increment periodicity (Campana
2001). Overall, the single annual mean rise and fall in monthly marginal increments,
percentage of otoliths having opaque margins, otolith growth in marked fish and
unmarked fish, along with model progression in year class strength were consistent
with annual formation of opaque zones in M. colonorum otoliths in all three rivers.

Macquaria colonorum otoliths showed little evidence of false opaque zones (3% of
all otoliths examined) and these were easily identified when present. Annual opaque
zone formation has been validated in otoliths for several percichthyids world-wide
with false opaque zones recognised in three Australian species (e.g., M.
novemaculeata, Harris 1985b; M. peelii, Anderson et al. 1992a; golden perch,
Macquaria ambigua, Anderson et al. 1992b). In a study on the closely related M.
novemaculeata), Harris (1985b) found clear evidence of the formation of false
opaque zones in 10% of all otoliths examined and concluded that they formed during
the juvenile migration of this catadromous species. The disparity in occurrence and
strength of false opaque zones between the two species is probably due to the
differing life history strategies. While M. novemaculeata migrate far into the upper
freshwater reaches of river systems, M. colonorum are generally confined within the
tidal limits of estuaries (Williams 1970; Harris 1983, Walsh et al. 2012b, Chapter 4).
The CV of estimate results indicates that the age estimates for M. colonorum were
precise, with little variation in the reading process. Discrepancies between first and
second readings were due to difficulty in interpreting whether opaque zones were
fully formed on the otolith edge, particularly in older fish. The CV of 0.02 reported
in this study for M. colonorum is similar to the high accuracy found for other long-
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lived percichthyid fishes (e.g., Anderson et al. 1992a; 1992b; Butler and Rowland
2008; Cazorla and Sidorkewicj 2008) and well within the range of CV reported for
many other species (Campana 2001).

The observed maximum age of 41 years extends the previous maximum age estimate
for this species of 36 years (Howell 1999; Kirwin 2000) and is almost double the
maximum age recorded for M. novemaculeata (22 years) (Harris 1985b). This study
establishes M. colonorum as the second longest-living Percichthyidae fish in the
world behind M. peelii (48 years old, Anderson et al. 1992a). Longevity has been
well documented in other temperate basses and perches as indicated by maximum
ages of 26 years for M. ambigua (Mallen-Cooper and Stuart 2003), 15 years for
Maccullochella ikei (Butler and Rowland 2008), 31 years for Morone saxatilis
(Secor 2000) and 10 years for P. colhaupiensis (Cazorla and Sidorkewicj 2008).
Given that no captured M. colonorum were close to the maximum reported length for
the species of 75cm FL (Harris and Rowland 1996), it is probable that their
maximum age also exceeds that of the oldest fish sampled in this study.

Macquaria colonorum exhibited a growth pattern typical of many teleost fishes (e.g.,
Anderson et al. 1992a; Stewart and Hughes 2007). Fitting the VBGF to the length-atage data showed that growth of males and females was similar until the age of 3 to 4
years (mean FLs of 25 cm and 27 cm respectively), which equates to the
approximate age at sexual maturity for both sexes (Walsh et al. 2011, Chapter 3).
The growth rate then slowed considerably, with females growing faster and attaining
greater asymptotic lengths than males in all three rivers. Malison et al. (1985)
postulated that the onset of sexually related differences in growth may occur in sub-
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adult fish coinciding with key reproductive events such as the onset of oogenesis and
spermatogenesis. Similarly, Harris (1987) concluded that differences in distributions
and habitat preferences between sexes of M. novemeaculeata may also influence
their respective growth rates. Although the lengths-at-age of M. colonorum were
highly variable, the differences in growth between sexes were similar to those
previously described for this species (Howell 1999; Kirwin 2000), M. novemaculeata
(Harris 1987) and M. ambigua (Anderson et al. 1992b) as well as other catadromous
(e.g., A. reinhardtii, Walsh et al. 2006) fishes. However, this pattern of growth is not
true for all percichthyids. For example, Cazorla and Sidorkewicj (2008) found P.
colhaupiensis males from the Negro River, Argentina were larger at the same age
than females during the first 5 years of life.

2.4.2 Episodic recruitment
Despite the potential longevity of M. colonorum, the sampled catches from all three
rivers were dominated by one to two strong year classes. This indicates that
successful years of recruitment have been infrequent during the past 10 years in the
Hawkesbury and Clyde rivers and the previous 40 years in the Bemm River. For fish
sampled from the Hawkesbury River, poor recruitment was less evident as the age
composition consisted mainly of young fish up to 6 years old. While the majority of
M. colonorum sampled from the Clyde River were up to 9 years, poor recruitment
years were evident for fish born in 1999, 2000 and 2004. For the Bemm River, where
older fish were sampled, the strong years of recruitment were 1966, 1976 and 1985.
These patterns of unsuccessful and successful recruitment have produced restricted
age compositions, which mean populations of M. colonorum will continue to depend
on strong year classes until the next recruitment event replenishes the stock. Variable

43

year class strength has been reported for other long-lived fishes including M.
novemaculeata (Harris 1985b), M. ambigua (Roberts et al. 2008) and M. saxatilis
(Secor 2000), as well as euryhaline species including black bream (Acanthropagrus
butcheri; Morrison et al. 1998) and L. calcarifer (Staunton-Smith et al. 2004).
Estuarine-dependent fish populations are typically characterised by high inter-annual
recruitment variability as a result of their complex physical and biological
environment (Sissenwine 1984; North and Houde 2001). Staunton-Smith et al.
(2004) and Halliday et al. (2008) found significant positive relationships between
seasonal flows and year class strength of L. calcarifer and the non-diadromous King
threadfin, Polydactylus macrochir, respectively, in the same north Australian
estuary. The main causal mechanisms hypothesised for these relationships included
the enhancement of estuarine productivity through increased nutrient input and the
accessibility of important nursery habitats for juvenile fish species (Staunton-Smith
et al. 2004; Robins et al. 2005). Furthermore, in a study done on M. saxatilis and M.
americana, North and Houde (2001) postulated that the survival and recruitment of
these two species is influenced by differences in freshwater flows moderating
temperature and salinity zones preferred by late stage larvae. In this study, the
strongest year classes from the Clyde River (fish spawned in 1998) and the Bemm
River (fish spawned in 1985) coincided with significant winter/spring river discharge
(flood events) from these respective years (www.vicwaterdata.net: Gauge no. 216002
and 221212). Further research is needed to establish the impacts of environmental
flows on M. colonorum populations, particularly in regard to successful spawning
and subsequent juvenile recruitment.
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2.4.3 Age truncation
Age truncation is an artefact of exploited long-lived fish populations and it has been
reported for many important commercial and recreational species world-wide (e.g.,
black rockfish, Serbastes melanops, Berkeley et al. 2004; mulloway, Argyrosomus
japonicus, Ferguson et al. 2008). In this study the majority of fish (>96%) sampled
in the Hawkesbury and Clyde rivers were less than 12 years of age, whereas in the
Bemm River 65% of fish were 12 years and older. The reasons for the non-capture of
larger and older fish in the Hawkesbury and Clyde rivers may be due to sampling
methods and/or fishing pressure. Recreational angling was the primary sampling
technique used in this study, supplemented with the gill netting of fish in the
Hawkesbury and Clyde rivers. Both methods are capable of catching larger
individuals and therefore their apparent absence in these two rivers may be a true
reflection of the demography of these populations rather than gear selectivity. Age
truncation induced by removing large fish can effectively lead to a reduction in
reproductive potential, which can have major effects on the stock, particularly if they
are from environments of variable recruitment (Beamish et al. 2006).

Commercial fishing is not permitted in the Bemm River, whereas the Hawkesbury
River and up until recently, the Clyde River (2007), have been open to commercial
fishing activities. There is no commercial fishery for M. colonorum and M.
novemaculeata in Australia but considerable numbers of these species are caught as
bycatch in estuarine fisheries (mesh netting and trawl), often during winter when fish
aggregate for spawning and following flood events (Gray et al. 1990; West and
Walford 2000; C. Walsh pers. obs.). Other estuarine-dependent fishes in southern
Australia that are long-lived, susceptible to variable recruitment and are already
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considered overfished include A. buthcheri (Morrison et al. 1998) and A. japonicus
(Ferguson et al. 2008; Silberschneider and Gray 2008). Similar to M. colonorum and
other percichthyids worldwide, the larger individuals of these species are targeted by
recreational fishers, hence contributing to truncated population age structures
(Birkeland and Dayton 2005). Currently, there are no catch statistics or stock
assessment data available to determine the levels of exploitation in M. colonorum
populations. The majority of M. colonorum once captured are released ‘unharmed’.
The survival of such fish remains unquantified, therefore information is required on
the effects of a variety of fishing methods on the post-release survival of these fish to
help test the hypothesis that populations have been overfished.
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CHAPTER 3

REPRODUCTIVE BIOLOGY AND SPAWNING STRATEGY OF THE
CATADROMOUS PERCICHTHYID, MACQUARIA COLONORUM

3.1 Introduction

Fishes of the family Percichthyidae (temperate basses and perches) inhabit
freshwater, estuarine and marine waters throughout temperate and subtropical
regions world-wide, with many species being important components of recreational,
commercial and aquaculture fisheries (MacDonald 1978; Berlinsky et al. 1995;
Ruzzante et al. 2006). Australian percichthyids have developed unique and flexible
life-history strategies to cope with the inherent and highly variable environmental
conditions in Australia, where long periods of drought interspersed with dramatic
flood events are often experienced (Puckeridge et al. 1998; Roberts et al. 2008).
Many populations of Australian percichthyids have also been negatively impacted by
anthropogenic activities including over-fishing (Reid et al. 1997), habitat
degradation (Astles 2001) and reduction of spawning and recruitment success caused
by the widespread regulation of river flows (Harris 1983; Humphries et al. 1999).
Most studies on Australian percichthyids have focused on species from two major
genera, Maccullochella and Macquaria, which are medium (>500 g) to large-bodied
(>5 kg) fish that have been shown to play major ecological roles in lakes and rivers
and are also important recreational angling species (Harris and Rowland 1996).
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Estuary perch Macquaria colonorum (Günther, 1863) are euryhaline and together
with the closely related Australian bass Macquaria novemaculeata, represent the
only two known catadromous percichthyids in the world. Macquaria colonorum are
distributed in the coastal rivers, lakes and lagoons of coastal south-eastern (SE)
Australia from the Richmond River, New South Wales (NSW) to the Murray River,
South Australia (SA) as well as northern parts of Tasmania (Tas.) (Fig. 1.2) (Harris
and Rowland 1996). As one of the apex predators in the upper estuarine reaches of
coastal rivers, M. colonorum are extremely important components of these
ecosystems and are of great interest to recreational fishers for sport and for their
eating qualities. Similar to percichthyids in other parts the world (Bath and O’Conner
1982; Secor 2000), M. colonorum are long-lived with a potentially long reproductive
lifespan (Walsh et al. 2010, Chapter 2). Coupled with strong evidence for variable
recruitment and age-class truncation (Walsh et al. 2010, Chapter 2), such longevity
suggests that M. colonorum are susceptible to overexploitation.

Determining the timing, location and mode of spawning as well as potential
fecundity is important in building a thorough knowledge of a species’ general
biology and its management requirements (King 1995). As with percichthyids
elsewhere (e.g., white perch Morone americana, Bath and O’Conner 1982; striped
bass Morone saxatilus, Berlinsky et al. 1995), members of the genus Macquaria
mature early (2 to 4 years) and have evolved varying spawning strategies. For
example, Macquarie perch Macquaria australasica and golden perch Macquaria
ambigua both migrate upstream to spawn, the former during the mid to late austral
spring and lay demersal adhesive eggs in shallow pools and riffles (Appleford et al.
1998), whereas the latter spawn semi pelagic eggs after rises in river levels when
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water temperatures exceed 16ºC (Roberts et al. 2008; King et al. 2009). In contrast,
M. novemaculeata migrate downstream to brackish tidal and estuarine waters at
salinities between 8 and 14 to spawn, and have been shown to spawn repeatedly over
the winter months (Harris 1986). Historically, the distribution and life history stages
of M. colonorum have been considered to mirror those of M. novemaculeata and
consequently their recreational fisheries have been managed similarly.

The exploitation status and assessment of appropriate management measures for M.
colonorum in SE Australia are likely to remain confused as long as large gaps in
information concerning their life history remain. The aims of this component of the
the study were to investigate aspects of the reproductive biology and spawning
strategy of M. colonorum in SE Australian waters. Specifically, population sex
ratios, spawning seasonality, fecundity, oocyte development and length/age at sexual
maturity were examined from three coastal rivers in SE Australia. Factors potentially
responsible for their spawning strategy were investigated and compared with those
reported for other percichthyid and estuarine-dependent fishes world-wide.

3.2 Material and Methods

3.2.1 Study area
Macquaria colonorum were sampled from the estuarine waters of the Hawkesbury (33º56’S, 151º34’E), Clyde (-35º75’S, 150º25’E) and Bemm (-37º78’S, 149º02’E)
river systems of SE Australia (Fig. 3.1). The Hawkesbury and Clyde rivers are tidal
dominated estuaries permanently open to the sea with catchment areas of 21500 km2
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Figure 3.1. Locations in SE Australia where M. colonorum were collected. (*).
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and 2900 km2, respectively (Roy et al.

2001). The Bemm River is a small

intermittently open estuary with a catchment area of 730 km2 (Chessman 1986).
Significant freshwater inflows to all three catchments are typical between December
and March (austral summer to autumn) when these areas usually experience
moderate rainfalls.

3.2.2 Sample collection and processing
Sampling of M. colonorum was done on a monthly basis between April 2006 and
March 2008 in the Hawkesbury and Clyde rivers and between February 2002 and
January 2004 in the Bemm River. Fish were sampled from catches of recreational
fishers using rod and line (lures), as well as gill netting (54, 76 and 102mm mesh) in
the Hawkesury and Clyde rivers. Juvenile fish from the Clyde River were captured
using a small mesh beach seine (12mm mesh). Fish were collected from three sites
within each of the Hawkesbury and Clyde river systems: the lower estuary (LE)
nearest the sea; the upper estuary (UE) i.e., the upper limit of regular tidal influence;
and the middle estuary (ME) in between (Fig. 3.1). All fish collected were measured
to the nearest 0.1cm FL, weighed to the nearest 0.1g and their gonads removed. The
gonads were weighed to the nearest 0.01g and a representative sample of each
identifiable sex and stage of development (see below) were selected for histological
analyses. Gonads were fixed in a solution of 10% formaldehyde, 5% glacial acetic
acid, 1% anhydrous calcium chloride and 84% water (FAACC) for one week before
being transferred to 70% alcohol for storage.
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3.2.3 Macroscopic staging and gonad histology
The gonads of both sexes of M. colonorum from the Hawkesbury and Clyde rivers
were macroscopically examined and a reproductive stage was assigned according to
the development criteria based on size, colour, and visibility of oocytes (Tables 3.1
and 3.2). Gonad tissue samples used for histology were dissected from fixed
specimens, placed within plastic cassettes and preserved until processing in an
automated tissue processor (Thermo Scientific Excelsior ES. Waltham, MA, USA).
The tissues were then embedded in paraffin wax (Paraplast®, McCormick Scientific,
St. Louis, MO), sectioned at 5 μm thickness, stained in haematoxylin and eosin
(Lomb Scientific, Taren Point, NSW, Australia) and classified following the criteria
listed in Tables 3.1 and 3.2. Microscopic staging was based on the most advanced
oocytes in ovaries and the dominant cell types in the testes (West 1990).

3.2.4 Sex and size distributions
Differences in sex ratios within the Hawkesbury, Clyde and Bemm rivers were
compared using a Chi-squared (χ2) test. The size-frequency distributions for each sex
within rivers were compared using a Kolmogorov-Smirnov (K-S) test.

3.2.5 Length and age at maturity
The length and age at sexual maturity of M. colonorum from the Hawkesbury and
Clyde rivers were estimated using macroscopic staging of gonads as described
previously. Fish collected during the spawning season were classified as immature if
the gonads were estimated to be reproductively inactive (Stages 1 or 2: Tables 3.1
and 3.2). Likewise, in gonads that were estimated to be reproductively active (Stages
3, 4 or 5: Tables 3.1 and 3.2) during the spawning season, the fish were classified as
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Table 3.1. Macroscopic and microscopic characteristics used to assign reproductive
stages to the ovaries of female M. colonorum. Adapted from Williams (1970) and
Harris (1986).
Stage

Macroscopic

Microscopic

characteristics

characteristics

1. Undeveloped

Small and strand like,
moderately translucent,
colourless to pink in
colour, extending to
approximately one third of
the length of the body
cavity. Determination of
sex difficult.

Nests of germ cells
present that may
contain oogonia
(<100µm diameter).

2. Developing/resting

Much larger than Stage 1,
colourless to cream with a
fine granular texture
extending to half of the
length of the body cavity.
Capillaries visible in ovary
wall.

Oocytes found in both
the chromatin-nucleolar
and perinucleolar
(oocytes <200µm
diameter) stage.

3. Mature

Ovaries larger in diameter,
yellow in colour, filling
two thirds to three quarters
of the body cavity.
Extensive vascularisation
of ovary wall with many
oocytes visible.

Perinucleolar and
rapidly forming yolk
vesicle oocytes (300500µm diameter)
dominate the ovary.
Vitellogenic oocytes
(600-800µm diameter)
present in low numbers.

4. Ripe

Hydrated translucent
oocytes visible through
ovary wall, yellow to
amber in colour. If fully
ripe, the hydrated oocytes
can be extruded from the
genital papilla by placing
gentle pressure on
abdomen.

Vitellogenic and ripe
hydrated (1-1.2mm
diameter) oocytes
dominate and are
present in the ovary
lumen. Post-ovulatory
follicles may be
present.

5. Spent

Ovaries now reduced in
length, flaccid tough and
leathery, bloodshot towards
posterior end. Residual
atretic oocytes and smaller
oocytes remain.

All oocyte stages are
present with atresia
varying greatly among
the more advanced
oocyte stages.

53

Table 3.2. Macroscopic and microscopic characteristics used to assign reproductive
stages to the testes of male M. colonorum. Adapted from Williams (1970) and Harris
(1986).
Stage

Macroscopic
characteristics

Microscopic
characteristics

1. Undeveloped

Small and strand like,
moderately translucent,
colourless to pink in colour,
extending to approximately
one third of the length of
the body cavity.
Determination of sex
difficult.

Undifferentiated germ
cells dominate along
with lobules filled with
nests of spermatogenic
cells.

2. Developing/resting

Much larger than Stage 1,
colourless to white,
transverse sections
triangular, extending to half
of the length of the body
cavity.

Increasing numbers of
nests containing
spermatogenic and
primary spermatocytes
observed within the
lobules.

3. Mature

Testes larger in diameter,
mainly white, filling half to
two thirds of the body
cavity. Blood vessels
sunken into dorsal surfaces.

Increased numbers of
spermatozoa present
within lobule lumen.
Surrounding cysts
contain less developed
cells

4. Ripe

Swollen, soft and white.
Milt flows readily from the
urogenital pore.

Lobules are enlarged
and fully spermiated but
outer regions may
contain nests of less
developed cells.

5. Spent

Rubbery, reduced in size to
resting stage, bloodshot and
grey in appearance.

Lobules are empty and
contain diffuse residual
spermatozoa and
increased connective
tissue.
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being mature. Ages of fish were estimated from counting opaque zones in otoliths
(see Walsh et al. 2010, Chapter 2). The proportions of mature fish in each 1cm FL
class and each year class were calculated, logistic curves were fitted to the data, and
sizes and ages at 50% maturity (L50 and A50, respectively) estimated. This was
determined separately for each sex from each river. Data were combined if no
significant differences were found between sexes or among rivers (see below).

A logistic regression model was used to test the effect of variables on maturity (Yi)
of individual M. colonorum. The three variables used were river (Hawkesbury,
Clyde); sex (male, female) and either fish length (FL in cm) or age (years). The
model was:

logit (Yi) = a + b × riveri + c × sexi + d × fish lengthi / agei + εi
where a is a constant.

The model was calculated using the freeware statistical package “R” (R
Development Core Team 2006). The General linear model (GLM) predicting
maturity using the above variables were fitted within “R” using the GLM (family =
binomial) function. The significance of each variable to the model was tested using
the null hypothesis that there was no significant difference from 0 using partial ztests. Variables that were non-significant were removed and a reduced model
refitted.

3.2.6 Spawning seasonality
Gonadosomatic indices (GSI) were calculated using the equation:
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GSI = (Wg / Ww) * 100,

where Wg is gonad weight (g) and Ww is the whole fish weight (g).

The GSI values and macroscopic staging patterns of individuals larger than the
estimated L50 were used to estimate the spawning season in M. colonorum.

3.2.7 Spawning location
To attempt to identify the estuarine spawning sites for M. colonorum in the
Hawkesbury and Clyde rivers, the mean GSI values of mature (Stage 3) female M.
colonorum (for the 2006 and 2007 spawning seasons combined) were compared
between the LE, ME and UE for each river system as well as between river systems
using a two-factor analysis of variance (ANOVA). For each ANOVA used in this
study data were tested for normality and homogeneity of variance. Where data were
heteroscadatic, they were log10 transformed. Post hoc pair-wise comparisons of
sample means were performed with Tukey HSD significant difference test. All
analyses were done using the Statistica 6 (Statsoft®) software package with a P
value of < 0.05 considered significant (Zar 1974).

3.2.8 Fecundity
The pattern of oocyte development indicated M. colonorum had indeterminate
fecundity and the largest size class of oocytes (vitellogenic, ≥0.6 mm) in prespawning stage 3 (ripe) ovaries were considered appropriate for estimating batch
fecundity (FB) (Hunter et al. 1985; West 1990). The ovaries from 21 fish
representing the size range of individuals collected during the study (22-39 cm FL)
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were used for determining these estimates. The entire ovary was weighed to the
nearest 0.0001g. From each ovary three replicate sections (approximately 0.1g) were
removed mid-way along the length of the randomly chosen left or right ovarian lobe,
weighed and then placed in a petri-dish with 70% ethanol solution. Each section was
then placed in a sonic bath (Unisonics FXP4) to dislodge individual oocytes from
surrounding connective tissue. Oocytes within each sample were scanned (CanoScan
8600F), counted and diameters calculated using image analysis software (Image J
Version 1.38l). For three of these fish, three replicate tissue samples were also taken
from the anterior and posterior region of each ovary in order to examine any
potential influence of sub sampling location on oocyte counts. Differences in mean
number of oocytes between sampled regions of each ovary were compared using
ANOVA. Fecundity was estimated gravimetrically by counting vitellogenic oocytes
from weighed subsamples of ovarian tissue (Hunter et al. 1985). Curves were fitted
to the plotted estimates to examine relationships between FB and fork length; FB and
weight; and FB and age.

3.2.9 Oocyte development
To examine the size classes of oocytes present during ovarian maturation, an ovary
sample representing each reproductive stage (i.e., Stages 2-5; Table 3.2) was
randomly selected. From each of these samples, the diameters of all individual
oocytes were recorded for each ovary sampled using the methodology described
previously for fecundity. Size-frequency plots of individual oocyte diameters were
made for each ovary maturation stage.
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3.3 Results

3.3.1 Macroscopic staging and gonad histology
The gonads of 1 187 (male, n = 440; female, n = 562; indeterminate, n = 185) M.
colonorum were macroscopically examined to assess their reproductive stage of
development, while a representative subsample (70) of these gonads were examined
microscopically. The ovaries of developing/resting females (stage 2) contained
oogonium cells along with primary oocytes. At the onset of maturation (stage 3) the
numbers of primary oocytes decreased, with yolk globule oocytes undergoing
vitellogenesis (Fig. 3.2a). In the final stages of development (stage 4) large fat
droplets formed within the tightly packed yolk globule oocytes. Recently spent
ovaries (stage 5) consisted of collapsed post-ovulatory secondary envelopes (corpus
luteum) with vitellogenic oocytes undergoing degeneration. Macquaria colonorum
testes showed various stages of spermatogonia development with the difference
between immature and mature males being the proportion of tissue undergoing
differentiation. Developing/resting fish (stage 2) lobules had a well defined lumen
and undifferentiated cells were present throughout the testes. In mature fish (stages 3
and 4) spermatogenic differentiation occurred throughout the testis except around the
edge (Fig. 3.2b).
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Figure 3.2. Photomicrograph of histological sections of M. colonorum ovarian and
testicular tissue showing: a) oocytes of various developmental stages within a mature
(stage 3) ovary, and b) a lobule of a mature (stage 3) testis containing germ cells at
various developmental stages. Scale bar = 1mm. Abbreviations: ow, ovarian wall; l,
lumen; vo, vitellogenic oocyte; p, primary oocyte; og, oogonia; ta, tunica albuginea;
n, nests of spermatogenic cells; sg, spermatogonium; sz, spermatozoa.
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3.3.2 Sex and size distributions
Significantly more female M. colonorum were captured than males in the
Hawkesbury (χ2 = 5.45, d.f. = 1, P = 0.02) and Bemm (χ2 = 110.02, d.f. = 1, P <
0.0001) rivers with sex ratios of 1.35:1 and 3.04:1, respectively, with similar
numbers of female and males captured in the Clyde River (1.18:1, P > 0.1). K-S
tests showed that the size distributions of males and females were significantly
different with females being larger in mean size than males in all three rivers
sampled (Hawkesbury: D = 0.25, P < 0.001; Clyde: D = 0.29, P < 0.001; Bemm: D =
0.48, P < 0.001) (Fig. 3.3). There was no significant difference in sex ratios and size
distributions between capture methods within the Clyde (P > 0.1) and Hawkesbury
(P > 0.1) rivers.

3.3.3 Length and age at maturity
Estimated length and age at maturity did not differ significantly between rivers (P >
0.1; P > 0.1, respectively). The reduced logistic regression model for data pooled
across rivers showed a significant difference between sexes for both length (P <
0.001) and age (P < 0.01) at maturity (Table 3.3). As a result, logistic curves for
length and age at maturity were combined for rivers sampled, but separated by sex.
The estimated L50 for female M. colonorum (25.05 ± 0.85 cm FL) was therefore
larger than for males (22.21 ± 0.50 cm FL) (Fig. 3.4a). Males began to mature at
smaller sizes and approached 100% maturity over a larger range of size classes than
females. However, both females and males were estimated to reach 100% maturity at
similar sizes (31cm and 32cm FL, respectively) (Fig. 3.4a). The estimated age at
which 50% of all female and male M. colonorum sampled were sexually mature was
3.75 ± 0.08 and 3.28 ± 0.08 years, respectively (Fig. 3.4b).

60

Figure 3.3. Length composition (1cm FL classes) of female (solid lines) and male
(dashed lines) M. colonorum sampled from a) Hawkesbury River, b) Clyde River
(capture methods combined), and c) Bemm River.
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Table 3.3. Parameter estimates for the reduced logistic regression model for a)
length and b) age at maturity. * Denotes non-significant at P > 0.05.
a)
Variable

Coefficient

Intercept

a

Sex

c

Length

d

Value
-16.44

S.E.
1.55

z-Value
-10.56

p-value
< 0.001

-1.94

0.37

-5.13

< 0.001

0.75

0.06

10.91

< 0.001

Value
-4.45

S.E.
0.49

z-Value
-8.96

p-value
< 0.001

-0.80

0.29

-2.71

0.006

1.93

0.17

10.80

< 0.001

b)
Variable

Coefficient

Intercept

a

Sex

c

Age

d
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Figure 3.4. Reproductive maturity data at a) FL and b) age with fitted logistic curves
for female (n = 334) and male (n = 203) M. colonorum. The logistic curves for
females is represented by a solid line and for males by a dashed line. Arrows
represent size or age at 50% maturity (L50 /A50) for females (solid arrows) and males
(dashed arrows).
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3.3.4 Spawning seasonality
Elevated GSI values for both female and male and M. colonorum occurred between
May and September in the Hawkesbury and Clyde rivers, with peak values occurring
in June to August for both rivers and years sampled (Fig. 3.5a,b). In contrast,
reproductive activity in the Bemm River occurred over a broader time period with
elevated GSI values evident from May to December for both sexes and years. Peaks
in GSI for both sexes occurred primarily in the austral spring with the highest mean
values recorded in September to October for 2002 and 2003 (Fig. 3.5c). The
reproductive activity of M. colonorum in the Hawkesbury and Clyde rivers was
mirrored by the macroscopic staging patterns evident in female ovaries and male
testes. The highest proportions of female M. colonorum with reproductively active
gonads (Stages 3, 4 and 5; Table 3.1) occurred between May and October (Fig.
3.6a,b). Ripe female fish with hydrated eggs (Stage 4) and spent fish (Stage 5) were
sampled from July until the end of the spawning season in both rivers and years.
Reproductively active males (Stages 3, 4 and 5) occurred in both rivers as early as
April and were still captured in the Clyde River in November (Fig. 3.7a,b). During
the period from May-October, reproductively active ovaries and testes made up, on
average, ~ 68 and ~ 74% of gonads sampled, respectively. For the remainder of the
year (November to April), the ovaries and testes of fish were determined to be
developing or resting (Stage 2).

3.3.5 Spawning location
Significantly higher GSI values were recorded in mature (Stage 3) female M.
colonorum captured from the LE than in the ME or UE in both the Hawkesbury and
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Figure 3.5. Gonadosomatic indices (mean % GSI ± s.e.) for female (solid lines, solid
points) and male (dashed lines, open points) M. colonorum from a) Hawkesbury
River (April 2006- March 2008), b) Clyde River (April 2006-March 2008) and c)
Bemm River (February 2002- January 2004).
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Figure 3.6. Monthly proportions of female M. colonorum gonad stages for a)
Hawkesbury River, and b) Clyde River collected between April 2006 and March
2008. Sample sizes are given above the bar for each month.
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Figure 3.7. Monthly proportions of male M. colonorum gonad stages for a)
Hawkesbury River, and b) Clyde River collected between April 2006 and March
2008. Sample sizes are given above the bar for each month.

67

Clyde rivers during the 2006 and 2007 spawning seasons (Two-factor ANOVA,
Location: F2, 286 = 31.58, P < 0.001; River: P > 0.1; Interaction: P > 0.1).

3.3.6 Fecundity
There were no significant differences in the mean number of oocytes sampled
between the three regions within each ovary (P > 0.1). Estimates of FB for Stage 3 M.
colonorum ovaries ranged from 91245 to 671196 oocytes (mean ± s.e. = 266583 ±
17821) and relative FB ranged from 169 to 531 oocytes g-1 body weight (mean ± s.e.
= 377 ± 10). There were significant positive power relationships determined between
FB and FL (Fig. 3.8a); FB and weight (Fig. 3.8b); and FB and age (Fig. 3.8c).

3.3.7 Oocyte development
In developing/resting (stage 2) M. colonorum ovaries a single mode of oocytes
between 0.05 and 0.2mm in diameter was present (Fig. 3.9a). In mature (stage 3)
ovaries, there were two additional modes of oocytes present in the frequency
distribution; a mode of oocytes between 0.3 and 0.5 mm diameter and a larger size
class of vitellogenic oocytes ranging between 0.6 and 0.8 mm diameter (Fig. 3.9b).
In ripe (stage 4) ovaries, the larger size class of oocytes continued to develop into a
batch of hydrated spawning size ova (>1 mm diameter) (Fig. 3.9c), while in most
spent (stage 5) ovaries, very few or no hydrated eggs remained (Fig. 3.9d).
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Figure 3.8. Relationship between mean (± s.e.) batch fecundity (FB) and a) FL (cm),
b) body weight (g), and c) age (years), for stage 3 female M. colonorum.
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Figure 3.9. Oocyte size frequency distributions taken from a randomly chosen
female M. colonorum of each reproductive stage a) Stage 2 (developing/resting), b)
Stage 3 (mature), c) Stage 4 (ripe) and d) Stage 5 (spent).
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3.4 Discussion

Histological patterns of ovarian and testicular development indicate M. colonorum to
be a ‘differentiated gonochorist’ (West 1990), similar to other percichthyids in
Australia (e.g., M. novemaculeata, Harris 1986; M. australasica, Appleford et al.
1998) and elsewhere (e.g., white bass Morone chrysops, Ruelle 1977; white perch M.
americana, Jackson and Sullivan 1995). There was no evidence of reabsorption or
‘involution’ occurring in mature M. colonorum ovaries which has previously been
documented within the genus Macquaria (e.g., M. novemaculeata, Harris 1986; M.
ambigua, Mackay 1973). Harris (1986) associated the occurrence of involuting
ovaries in M. novemaculeata with a year of unfavourable dry conditions and a lack
of capture of spawning females in estuarine waters of the Hawkesbury River. Similar
to M. novemaculeata, the spawning success of M. colonorum has also been linked to
river flows (Walsh et al. 2010, Chapter 2). Therefore, in times of extreme drought,
involution may also occur in the ovaries of M. colonorum, albeit in populations
restricted to freshwater reaches above natural or artificial barriers.

3.4.1 Sex and size distributions
Female M. colonorum had a greater mean size than males in all rivers. The
predominance of larger sized females is common amongst percichthyids (e.g., M.
novemaculeata, Harris 1986; M. saxatilus, Secor 2000; largemouth perch
Percichthys colhuapiensis, Carzorla and Sidorkewicj 2008) and catadromous fishes
(e.g., longfinned eel Anguilla reinhardtii, Walsh et al. 2004) and is likely the result
of differential growth and longevity of the sexes (Helfman et al. 1987; Walsh et al.
2010, Chapter 2). Sex ratios of samples were not consistent among rivers, being
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highly skewed to females in two rivers. Although the cause of these observations
could not be determined it is probable that differential life history characteristics,
including habitat preference, may be a factor. For example, Harris (1988) found M.
novemaculeata females outnumbered males 8:1 in non-tidal freshwater habitats but
were more equal in brackish water during the spawning season. Moreover, Bath and
O’Conner (1982) found M. saxatilus sex ratios on the spawning grounds skewed
towards males, which they attributed to the males maturing at a smaller size than
males. In our study, the size range of fish captured included both sexually
undifferentiated and differentiated individuals. Therefore, the absence of equal
proportions of male and female M. colonorum in the Bemm and Hawkesbury rivers
indicates that life history traits were probably more important than gear selectivity in
determining overall catchment sex ratios observed here. Further targeted sampling of
M. colonorum within these catchments is needed to provide information on sexbased habitat preferences.

3.4.2 Length and age at sexual maturity
Female M. colonorum attained 50% sexual maturity (25.05 cm) almost 3 cm larger
than that of males (22.17cm). The maturation of males at smaller sizes than that of
females is consistent with findings for other percichthyids (e.g., M. americana, Bath
and O’Conner 1982; M. novemaculeata, Harris 1986; M. saxatilus, Berlinsky et al.
1995; M. australasica, Appleford et al. 1998) and has been suggested to be likely
due to differential growth rates between the sexes (Howell 1999; Kirwin 2000;
Walsh et al. 2010, Chapter 2). Male and female M. colonorum reached 50% sexual
maturity at 3 to 4 years of age with males spawning as early as the second winter
following birth, whereas females were more likely to commence spawning in the
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third winter. In contrast, McCarraher and McKenzie (1986) reported that all male
and female M. colonorum were sexually mature by age three. However, these authors
presented no actual data and estimates of age were based on less accurate scale
readings (Campana 2001). Typical of many teleosts, the onset of sexual maturity in
male and female M. colonorum coincided with an overall decrease in growth rates
(Walsh et al. 2010, Chapter 2) and is likely due to energy being invested in
reproduction rather than somatic growth (Helfman et al. 1987).

3.4.3 Spawning
Dependent upon location, M. colonorum populations exhibited a protracted spawning
season in SE Australia in the austral winter and spring (June-November). Peak
spawning occurred earlier in the more northerly distributed Hawkesbury and Clyde
rivers (June to August) than in the Bemm River (September to November), with
mean monthly water temperatures varying between the two regions by up to 5°C.
This concurs with the results of McCarraher and McKenzie (1986) who reported that
the highest percentages of ripe and spent M. colonorum occurred between September
and November in north-east Victoria (VIC) and from October to as late as January in
south-west VIC. Differences in the timing of reproductive activity within and
between river populations have also been reported among other percichthyids (e.g.,
M. australasica, Appleford et al. 1998; M. saxatilus, Secor and Houde 1995; M.
ambigua, Roberts et al. 2008) and estuarine-dependent species (e.g., eastern river
garfish Hyporhamphus regularis ardelio, Hughes and Stewart 2006; black bream
Acanthopagrus butcheri, Sarre and Potter 1999; barramundi Lates calcarifer, Davis
1982). Secor and Houde (1995) postulated that M. saxatilus had an earlier spawning
season in the more southern tributaries of Chesapeake Bay due to water temperature
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effects on larval viability. While Gooley et al. (1995) associated the delayed onset of
spawning in southern populations of Murray cod Maccullochella peelii with the
more temperate climate and ambient water temperatures associated with the region.
Therefore, latitudinal differences in peak spawning times in M. colonorum
populations may be attributable to differing environmental conditions experienced in
the estuaries, rivers and coastal lakes of SE Australia.

Spawning cycles of percichthyid and estuarine-dependent fishes are often linked to
environmental cues, most commonly day length and temperature (Harris 1986; Clark
et al. 2005; Kendall and Gray 2008). Harris (1986) postulated that falling water
temperatures and decreasing photoperiod were the main cues in the onset of
spermatogenesis and oocyte maturation in M. novemaculeata, with flooding acting as
the proximal factor. The onset of spawning in M. colonorum also coincided with the
timing of minimum photoperiod and estuarine water temperatures for all three rivers
(Fig. 3.10), indicating that similar environmental factors may trigger reproductive
development in populations of M. colonorum. As with other SE Australian estuarinedependent species (e.g., M. novemaculeata, Harris 1985a; A. butcheri, Newton 1996)
the timing of spawning in M. colonorum populations has also been linked to periods
of increased plankton blooms, essential for high survival rates of larvae. For
example, in the Hopkins River (VIC), peak numbers of M. colonorum eggs and
larvae were collected between October and December by Newton (1996) after a large
flood event. This peak number of eggs and larvae coincided with the mass hatching
of calanoid nauplii from dormant eggs as copepod populations re-established
themselves after flooding of the estuary. Further studies are required to determine the
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Figure 3.10. Mean day length (bars) and water temperatures (lines, mean ± s.e.)
recorded during the study period for the Hawkesbury, Clyde and Bemm rivers (C.
Pardew unpubl. data).
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biotic and abiotic factors influencing spawning and recruitment in M. colonorum
populations, including the effect of instream flows.

There was high variability in the monthly timing of spawning of fish sampled from
the Bemm River compared with those sampled from the Hawkesbury and Clyde
rivers. In particular, females possessing large GSI values were captured between
May and January in both years sampled. This suggests that some reproductive
activity in Bemm River fish extends well outside their defined peak spawning time
(September to November). The Bemm River population of M. colonorum consists of
greater numbers of older age class fish compared with the Hawkesbury and Clyde
River populations, which were dominated by fish in their first few years of spawning
(Walsh et al. 2010, Chapter 2). Previous studies on other teleosts have shown that
first time spawning in young fish is strongly seasonal, while older fish of the same
species have a more prolonged spawning period (Lambert 1987; McBride and
Thurman 2003; Hughes and Stewart 2006). Bobko and Berkeley (2004) hypothesised
that in species with age-structured spawning schedules, a broad age distribution will
maximise the length of the spawning season with the likelihood that some spawning
will occur when conditions are favourable. It is possible that this flexible spawning
trait may have been adapted by M. colonorum populations and could also occur in
other long-lived members of the family Percichthyidae.

3.4.4 Spawning strategy
Although no direct observations of M. colonorum spawning behaviour were made,
all females in advanced stages of ovarian maturation were captured in the lower
estuarine reaches of rivers in salinities > 30. This suggests that M. colonorum spawns
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in marine dominated areas and that during the spawning season fish found in the
upper reaches of the estuaries are more likely to be immature or possess developing
ovaries. Previous work done on M. colonorum has showed contrasting evidence
regarding spawning habitat. Trnski et al. (2005) collected M. colonorum and M.
novemaculeata larvae entering a central New South Wales estuary from the ocean on
a flood tide, suggesting that eggs were potentially spawned in the ocean.
Alternatively, Newton (1996) found high concentrations of M. colonorum eggs in
deep pools (>10 m) within the Hopkins River only 2 km downstream of the tidal
limit, while McCarraher and McKenzie (1986) concluded that M. colonorum spawn
on shallow (<3 m) flats in salinities between 10 and 24. Therefore, the euryhaline
nature of M. colonorum has rendered this species flexible in its selection of preferred
spawning habitat. It is therefore likely that M. colonorum is capable of spawning in a
number of habitats, which may vary within and between rivers, as well as in response
to abiotic factors such as salinity and habitat availability.

Only a small proportion (< 10%) of mature female M. colonorum captured during the
spawning season were in the final stages of ovarian maturation (stage 4), with only
two fish having ovaries containing significant numbers of hydrated oocytes. Previous
studies on other percichthyids (e.g., M. novemaculeata, Harris 1986; M. saxatilus,
Secor 2000) and euryhaline species (e.g., Brazilian codling Urophycis brasiliensis,
Acuna et al. 2000; sand mullet Myxus elongatus Kendall and Gray 2008) have
sampled few, if any, fish with hydrated oocytes. Indeed, many teleosts (e.g., saddle
wrasse Thalassoma duperrey, Hoffman and Grau 1989; mangrove jack Lutjanus
argentimaculatus, Russell and McDougall 2008; A. butcheri, Haddy and Pankhurst
1998) exhibit rapid oocyte development in their final stages of spawning, often in
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response to particular environmental factors. It is possible that high numbers of M.
colonorum females with hydrated oocytes were not observed because final ovarian
maturation is a very rapid process (Hoffman and Grau 1989). Hence, our temporal
sampling scale may not have been fine enough to detect large numbers of such
animals. Hoffman and Grau (1989) determined increases in GSI and percentages of
hydrated oocytes in T. duperrey were positively correlated with changes in tidal
height, while A. butcheri ovaries possess a rapid diel rhythm of oocyte maturation,
with spawning occurring in the early evening (Haddy and Pankhurst 1998).

Macquaria colonorum was found to be a highly fecund, group synchronous (multiple
batch) spawner. In particular, the power relationships between batch fecundity and
biometrics indicated that the reproductive potential of M. colonorum populations is
greatly increased by the presence of larger older females (Parker 1992). This type of
spawning strategy is typical of percichthyids in Australia (e.g., M. novemaculeata,
Harris 1986; M. peelii peelii, Gooley et al. 1995) and elsewhere (M. chrysops, Ruelle
1977; M. americana, Jackson and Sullivan 1995). In contrast, McCarraher and
McKenzie (1986) found significantly lower relative batch fecundities (>40%) in ripe
M. colonorum females. Fecundity in percichthyids has been found to vary within and
amongst populations (Bath and O’Conner 1982). However, McCarraher and
McKenzie (1986) estimates were based entirely on the number of hydrated oocytes
present in spawning fish. Macquaria colonorum is an indeterminate spawner, with
the potential to spawn several times over a protracted season. This was evident
during the current study, as post-ovulatory follicles were often examined in ripe
(stage 4) M. colonorum individuals. Therefore, counting hydrated oocytes in multiple
spawning fish can often lead to actual batch fecundity being underestimated
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(Jackobsen et al. 2009). Further investigation, including determining the frequency
of individual spawning events, is required to fully assess reproductive output among
M. colonorum populations.
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CHAPTER 4

SEASONAL RESIDENCY AND MOVEMENT PATTERNS OF TWO
CO-OCCURRING PERCICHTHYIDS WITHIN A SOUTH-EASTERN
AUSTRALIAN RIVER

4.1 Introduction

Detailed information about the spatial and temporal patterns of distribution and
movement is fundamental for understanding the ecology of diadromous fishes and
developing effective conservation and resource management strategies (Pittman and
McAlpine 2001; Crook et al. 2010). In particular, such information helps identify
valuable habitat such as critical spawning areas and how species respond to changes
in environmental conditions (Heupel et al. 2006). Environmental effects such as
freshwater inflows and salinity fluctuations within estuarine environments can
influence the distribution and abundance of predatory and prey species (Robins et al.
2005), habitat use, recruitment success and mortality (Gehrke et al. 1999; Harris
1986). Migration and spawning behaviour of diadromous fish species, world-wide,
have often been linked to abiotic influences (McDowall 1988; Pusey et al. 2004;
Clark et al. 2005). For these fishes, any long term environmental effects (e.g.,
drought, sea level rise etc.) may have significant consequences, especially for closely
related species that occupy adjacent habitats. For example, the overlapping of niches
could lead to increased competition for habitat resources (e.g., refuge, diet, and
spawning), as well as amplify rates of hybridisation (Jerry et al. 1999; Roberts et al.
2009).
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Site fidelity, home range and distribution utilisation provide insight and
understanding of an animal’s behaviour, including its habitat preference, dietary
relationships and reproductive strategy (McGrath and Austin 2009). Site fidelity
exists when an area used by an individual is significantly less than if its movements
were random. Home range is defined as the area in which an individual carries out
normal activities such as reproduction and predation (Danielson and Swihart 1987;
McGrath and Austin 2009), while distribution utilisation describes the relative
amount of time that an animal spends in any place within its home range (Vokoun
2003). Fish that display high site fidelity and have relatively small home ranges have
been found to be more susceptible to overfishing and environmental fluctuations,
including human and/or climate influenced effects (Heupel et al. 2006). It has also
been shown that fish with well-defined core use areas often take longer to recover
from a population decline (McGrath and Austin 2009). Many percichthyid and
diadromous species of temperate Australia have evolved complex migratory and
reproductive strategies in order to adapt to the unpredictable climate and
hydrographic characteristics of rivers and estuaries (Roberts et al. 2008). Therefore,
it is critical that an understanding of these complex strategies be established so that
their associated habitats can be conserved in an effort to protect populations.

Estuary

perch

(Macquaria

colonorum)

and

Australian

bass

(Macquaria

novemaculeata) are the only two known catadromous percichthyids world-wide.
These two species are distributed throughout the estuarine and freshwater reaches of
coastal rivers, lakes and lagoons in south-eastern (SE) Australia (Fig. 1.2). Currently,
the recreational fisheries of M. colonorum and M. novemaculeata are managed as
one stock, although they are known to occupy different habitats (Harris and Rowland
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1996). Both species are long lived (up to 41 years and 22 years, respectively), and
display evidence of episodic recruitment (Harris 1985b; Walsh et al. 2010, Chapter
2). Several authors have proposed that mature M. colonorum and M. novemaculeata
are site specific to the upper estuarine reaches and freshwater areas of rivers,
respectively, before undertaking seasonal annual downstream ‘spawning’ migrations
to the estuary or sea, after which spent fish return back into the upper tidal reaches or
fresh water. The evidence used to support these hypotheses were based primarily on:
1) traditional tag-recapture studies (Harris 1983; C. Walsh unpubl. data); 2)
anecdotal capture information by commercial and recreational fishers (Williams
1970; Trinski et al. 2005; C. Walsh pers. obs.); 3) Spatio-temporal studies examining
seasonal trends in relative population abundances and gonadosomatic indices (i.e.,
the presumptive spawning period) (Harris 1986; McCarraher and McKenzie 1986;
Walsh et al. 2011, Chapter 3); and 4) modal size class structure of female ova, and
their tolerance to different salinities (van der Wal 1985; Beckman 1999). In contrast,
there is no real-time data pertaining to the seasonal residency and instream
movements of either M. colonorum or M. novemaculeata.

The aims of this component of the study were to: (1) determine spatial and temporal
differences in the distribution and movement patterns of M. colonorum and M.
novemaculeata in a large tidal SE Australian river (Shoalhaven River, NSW); and (2)
assess the potential roles of biological and environmental factors as drivers of
riverine/estuarine use, site fidelity, and large scale movements for each species.
Historically, M. novemaculeata were found in the Shoalhaven River and tributaries
above Tallowa Dam, prior to its construction in 1976 (Bishop and Bell 1978; Bishop
1979). After construction of the dam, natural populations of this species became
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restricted to freshwater and estuarine areas below the dam wall. Therefore, it is
possible the presence of the dam may have implications on the residency and
movement of M. novemaculeata. Moreover, the estuarine-dependent nature of both
these species renders them vulnerable to exploitation, particularly in their spawning
adult phase in the winter/spring months, when they potentially move from
freshwater/brackish areas subject to low fishing pressure, to estuarine habitats
subject to high fishing pressure (Harris 1983; Walsh et al. 2011, Chapter 3).
Consequently, an understanding of what factors influence estuarine use is
fundamental to the development of sustainable management strategies for M.
colonorum and M. novemaculeata. In the current study, acoustic telemetry and
tagging technologies (Heupel et al. 2006; Holbrook et al. 2009) have been applied to
both species, which has generated long term data on their behaviour, including
seasonal and annual trends in population movement, as well as interactions between
species.

4.2 Material and Methods

4.2.1 Study site
The Shoalhaven River (-34° 53’ S, 150° 45’ E) is approximately 327 km long and
has a total catchment area of 7,300 km2 (Roy et al. 2001) (Fig. 4.1). The Tallowa
Dam (water storage) impounds the Shoalhaven River 75 km upstream of the Pacific
Ocean, with mean and median annual inflows (calculated for 1909-2004) of 1043 GL
and 631 GL, respectively. Due to the small operational capacity relative to annual
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Figure 4.1. Study site location and detailed map showing the position of acoustic
listening stations in the Shoalhaven River.
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inflows, the dam frequently overtops during wet years creating unmanaged spills of
water flowing to the river downstream and supplementing regulated environmental
flow releases (Reinfelds 2012, Chapter 5). The freshwater section downstream of
Tallowa Dam extends for 27km to the tidal limit and is confined in a sandstone
gorge. The freshwater reaches are comprised of a series of long pools averaging
830m in length with a mean maximum depth of 6.5 m, separated by cobble
dominated riffles, rapids and runs (Reinfelds et al. 2010). The estuary extends for a
further 48 km downstream and is classified as a tidal-dominated barrier estuary (Roy
et al. 2001). The estuary has a tidal range of approximately 1.2m and temperatures
typically range between 8ºC and 25ºC annually. The lower reaches are typically
marine (euhaline), while the middle reaches represent the estuarine or mixing zone
between river and sea (mesohaline and polyhaline) and the upper reaches are
freshwater dominated (oligohaline). This study encompassed approximately 75 km
of riverine/estuarine habitat and included freshwater to marine portions of the
Shoalhaven River below Tallowa Dam (Fig. 4.1). The study area was split for
analytical purposes into six reaches based on the salinity and geomorphological
(estuary zonation) characteristics (Roy et al. 2001) (LE, lower estuary; LME, lower
middle estuary; UME, upper middle estuary; UE, upper estuary; LF, lower fresh
water; UF, upper fresh water; see Fig. 4.1).

4.2.2 Acoustic array
A linear array of 49 acoustic receivers (Vemco® VR2W) was deployed in the
freshwater and estuarine reaches of the Shoalhaven River below Tallowa Dam (Fig.
4.1). Freshwater receivers were anchored by cobble-filled bags (100kg) and
suspended beneath styrene surface floats with 5 mm steel cable. Deployment
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locations for freshwater receivers were optimised on the basis of pool-riffle
bathymetry modelled from detailed survey data with 1 to 2 receivers typically
deployed in the deepest sections of each major pool. Estuarine receivers were
deployed either on anchor chains of existing channel marker buoys or moored
independently via a weighted float and anchor system. All receivers were deployed
by September 2007 and continuously monitored for the duration of the project (until
February 2010). Receivers recorded the time, date, identity, and when available, the
water temperature and depth of the tagged fish that swam within range of a unit.
Receivers were single frequency (69 kHz) omnidirectional units with mean detection
distances of 190 m (range¸ 125 to 255 m) and 350 m (range, 280 to 420 m) for all
receivers in the freshwater and estuarine reaches, respectively (Walsh et al. 2012a).
The location of receivers within the array ensured there was minimal chance of a
tagged M. colonorum or M. novemaculeata escaping detection (0.4% and 2.7%,
respectively) when swimming past a receiver, resulting in the continuous extensive
monitoring of tagged fish present within the study area.

4.2.3 Fish Tagging
Two batches of M. colonorum and M. novemaculeata (four cohorts in total) were
tagged and released in 2007 (cohort 1) and 2008 (cohort 2) (Table 4.1, Appendices 1
and 2). To avoid the possibility that movement patterns could be influenced by
tagging location, fish were captured and released at several different sites. Fish were
angled using hook and line and operated on either in situ (cohort 1) or transported to
the nearby aquaculture facility at the Shoalhaven Marine and Freshwater Centre
(West Nowra, NSW, Australia) (cohort 2). Fish were removed from their holding
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Table 4.1. Summary of tagged M. colonorum and M. novemaculeata in the
Shoalhaven between September 2007 and February 2010.

Species

NR NA

Release dates

Fork length (mm)

Tag

Mean ± S.E.

Range

type

M. colonorum
cohort 1

19

17

Sept – Dec 2007

337 ± 6.4

312 – 403

V13

cohort 2

14

10

May – Oct 2008

287 ± 3.4

272 – 308

V9

M. novemaculeata
cohort 1

17

10

Sept – Oct 2007

380 ± 8.4

328 – 445

V13

cohort 2

22

17

Mar – April 2008

365 ± 6.3

326 – 416

V13

NR – no. of tagged fish released. NA – no. of tagged fish analysed
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tanks and placed in an anaesthetic bath containing 50 mg L-1 of Aqui-S solution until
their operculum rate became slow and irregular (2-3 min). Fish were then weighed (±
1g), measured (fork length, ± 1 mm) and placed ventral-side up in a V-shaped
surgical cradle. During surgery, 25 mg L-1 of Aqui-S solution was irrigated over the
gills of the fish using a battery operated pump. Vemco® V13-1L/13TP (13mm in
diameter) or V9-2L/TP (9mm in diameter) transmitters, weighing < 2% of the body
mass of the fish, was inserted into the peritoneal cavity of each fish via a 20mm
incision on the ventral mid-line between the pelvic fins and the anus. The incision
was closed with two synthetic absorbable sutures (Ethicon Vicryl 3-0) and tied with
a double surgeons knot. Post surgery, fish were injected with an antibiotic
(oxytetracycline) at a dosage of 75 mg kg

-1

fish weight. All fish were further

identified with an external T-bar anchor tag (Hallprint) inserted below the dorsal fin.
Fish were allowed to recover in holding pens (cohort 1) or ambient tank river water
(cohort 2) until they were observed to swim normally, after which they were released
at their point-of-capture within 24 hrs.

Each transmitter was coded with a unique pulse series and operated on 69 kHz at
randomly spaced intervals between 60 and 180s. Approximately half the fish of both
species (from all cohorts) received pressure sensing transmitters, which also reported
the depth of the individual in the water column. Battery life for both the V13 and V9
type transmitters was ~ 24 months and ~ 15 months, respectively. Random signal
transmission times minimised potential signal overlap and reduced the possibility of
blocking detection by a nearby receiver.
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4.2.4 Data analysis
Data from receivers was downloaded bi-monthly and stored in a Microsoft Access
database. Prior to analyses, ‘false’ detections and all single hit data found on
receivers were discarded (Clements et al. 2005). The thousands of detections for
each fish at each receiver were not independent therefore area use within the river
was calculated as the time each tagged fish spent in the vicinity of each acoustic
receiver (Cowley et al. 2008). This ensured that the assumption of independence was
not contravened and the contribution of each fish was equally weighted. In
determining river use, a fish was assumed to be in the vicinity of a particular receiver
when two (or more) consecutive detections were recorded within 60 minutes.
Absence times of more than 60 minutes were assigned in equal proportions to the
receivers frequented before and after the absence period (Cowley et al. 2008). The
differences in the median time spent between the six river reaches for each of the M.
colonorum and M. novemaculeata cohorts were tested using a non-parametric
Kruskal-Wallis ANOVA.

Traditional home-range techniques (e.g., minimum convex polygon and kernel
estimates) were not determined in this study due to the linear array of receivers. As a
proxy for home range calculations, individual river use was calculated as the
proportion of time spent by fish within the vicinity of a receiver each day (i.e.,
fish.day-1). Probability intervals were calculated based on patero cumulative
frequency density plots (Statsoft® Inc. 2010). This methodology, similar to ‘the
probability of occurrence’ or utilisation distribution (UD) is based on the likelihood
of finding an individual at a particular location (Vokoun 2003). The boundaries of
the estimator bins (river sections) were defined as the mid points between each
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receiver. Data was standardised to account for distances between boundaries not
being equal (i.e., duration time per km river distance). For this study the river
sections that incorporated 50% (i.e., 50% UD) of the individuals river use were
defined as the core use area, while the river sections that incorporated 95% (i.e., 95%
UD) of the individuals river use were defined as the fishes linear home range (i.e.
home range length). Individual home range length was determined by calculating the
distance between the boundaries of the two further most points of the 95% UD. The
95% UD was chosen to exclude portions of the river use that may be associated with
sporadic movements (i.e., those that occur during flood events). All calculations
were done using Microsoft Excel and graphically represented using ArcGIS 9.3.
Differences in seasonal mean home range length and mean river location (distance
from the sea) estimates among M. colonorum and M. novemaculeata cohorts were
tested using a factorial general linear model (GLM) ANOVA. Mean daily activity for
both species was also calculated on a linear scale as the difference between daily
maximum and minimum river distances recorded by individuals.

Cohorts for each species were analysed separately due to their different release
periods and, in the case of M. colonorum, the mean fork length (FL) of cohort 1 was
significantly larger than cohort 2 (t-test, d.f. = 28, P < 0.001). There was no
significant difference in mean FL between the two M. novemaculeata cohorts (P >
0.1). Depth data was used to define the spatial swimming depths of both species
within similar locations and was standardised by randomly selecting 103 detections
from each individual fish, over all receivers. In this study all data were assessed for
homogeneity of variance prior to analyses and data that did not meet these
assumptions were log10 transformed and reassessed. Analyses and post-hoc multiple
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comparisons were done using the Statistica 6 (Statsoft® Inc. 2010) software package
with a P value of < 0.05 considered significant.

4.3 Results

A total of 33 tagged M. colonorum and 39 tagged M. novemaculeata were released in
the Shoalhaven River (Table 4.1, Appendices 1 and 2). Tagged M. colonorum and M.
novemaculeata were present within the study area for periods of 2 to 759 days
(cohort 1 mean, 713 days; cohort 2 mean, 465 days) and 1 to 576 days (cohort 1
mean, 433 days; cohort 2 mean, 475 days), respectively. Although no immediate
mortality or abnormal behaviour of tagged fish was observed, 10% (cohort 1) and
28% (cohort 2) of M. colonorum and 41% (cohort 1) and 22% (cohort 2) of M.
novemaculeata tagged were not detected in the study area after 100 days, and hence
these individuals were not included in any analyses. Two tagged M. colonorum and
eight tagged M. novemaculeata were reported as recaptured by recreational fishers
both during and after the study, with all except one of the former and four of the
latter being released back into the river. Any fish recaptured and released within the
study period was also precluded form further analyses.

4.3.1 Distribution, core use area and home range
Tagged M. colonorum were detected within the vicinity of all but the most
downstream estuarine receiver and no fish were detected above the tidal limits in
fresh water (Fig. 4.2). Macquaria colonorum from cohort 1 spent significantly more
time per fish.day -1 in the UME (median 43%), whereas cohort 2 fish spent
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Figure 4.2. Bubble-plot representation of the proportion of time (per fish.day -1) each
tagged M. colonorum (cohort 1, closed circle: n = 18; cohort 2, open circle: n =10)
and M. novemaculeata (cohort 1, closed hexagon: n = 10; cohort 2, open hexagon: n
=17) spent in the vicinity of each station in the Shoalhaven River. Abbreviations: LE,
lower estuary; LME, lower middle estuary; UME, upper middle estuary; LF, lower
fresh water; UF, upper fresh water. Dashed line separates the two species.
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significantly more time per fish.day -1in both the LME (median 31%) and UME
(median 29%) than in any other river reach (ANOVA: cohort 1, H3, 72 = 43.01, P <
0.01; cohort 2, H3,

40

= 11.17, P < 0.01). There were no significant differences

between the times spent in the remaining estuarine reaches for either cohort (P >
0.05). Macquaria colonorum exhibited high site fidelity with individuals from both
cohorts spending on average 53% of total duration time within the boundaries of a
single receiver (mean 1.3 km in river distance). Moreover, ≥ 87% of fish from cohort
1 and ≥ 91% of fish from cohort 2 were confined to single 50% UD areas
predominantly restricted to the middle (UME and LME) reaches in September to
May (austral spring to autumn) (Table 4.2a; Fig. 4.3). However, between June and
August (austral winter) there was a shift in behaviour with an increase in the
proportion of fish (both cohorts) using multiple core areas, along with an increase in
the percentage of core use areas being utilised within the lower reaches of the river
(Table 4.2a; Fig. 4.3).

Tagged M. novemaculeata utilised both the estuarine and freshwater reaches of the
river, with only one individual being detected on the receiver closest to the river
mouth (Fig. 4.2). Cohort 1 and cohort 2 fish spent significantly more time per
fish.day

-1

in the UE (median 26% and 25%, respectively) than in any other river

reach (ANOVA: cohort 1, H5, 60 = 19.05, P < 0.01; cohort 2, H5, 102 = 26.47, P <
0.001). There were no significant differences between the times spent in the
remaining estuarine and freshwater reaches for either cohort (P > 0.05). Macquaria
novemaculeata also exhibited site fidelity, with individuals from both cohort 1 and
cohort 2 spending on average 61% and 52% of total duration time within the
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Table 4.2. Summary of the percentage of a) M. colonorum (cohorts 1 and 2) and b)
M. novemaculeata (cohorts 1 and 2) with one or multiple core areas (50% UD)
extended along the length of the river.
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Figure 4.3. Cumulative seasonal core use area (50% UD) and home range (95%UD)
length estimates of tagged M. colonorum (a, cohort 1; b, cohort 2) populations in the
Shoalhaven River.
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boundaries of a single receiver, respectively (mean 1.3 km in river distance).
Moreover, ≥ 90% of fish from cohort 1 and ≥ 70% of fish from cohort 2 were
confined to single 50% UD areas. These core use areas were also located in the UME
and both freshwater reaches throughout the study (Table 4.2b; Fig. 4.4). Unlike M.
colonorum, there was no seasonal increase in the proportion of M. novemaculeata
(both cohorts) using multiple core areas or significant numbers of fish utilising areas
within the lower reaches of the river (Table 4.2b; Fig. 4.4).

Mirroring these seasonal residence patterns for both species was the variation in
home range (95% UD) length and mean location (distance upstream) of individuals
within the river. Mean home range length estimates for M. colonorum ranged
between 7.2 to 25.2 km and 3.9 to 28.1 km for cohorts 1 and 2, respectively, while
their mean distance upstream of the river mouth ranged from 17.2 to 28.5 km and
13.9 to 22.9 km for cohorts 1 and 2, respectively (Fig. 4.5). Mean home range length
(both cohorts) was significantly greater in winter (ANOVA: cohort 1, F3, 122 = 25.19,
P < 0.001; cohort 2, F3, 33 = 8.28, P < 0.001), while mean distance upstream (both
cohorts) was significantly closer to the mouth of the river (ANOVA: cohort 1, F3, 122
= 24.60, P < 0.001; cohort 2, F3, 33 = 5.76, P < 0.01) during the same season. There
were no significant differences in mean home range length and mean distance
upstream between the other seasons and years for either cohort (P > 0.05). In
comparison, the mean home range length estimates for M. novemaculeata were
smaller and ranged from 7.1 to 15.5 km and 4.7 to 16.7 km for cohorts 1 and 2,
respectively, and their mean distance upstream was greater than M. colonorum,
ranging from 41.9 to 44.2 km and 40.8 to 50.2 km for cohorts 1 and 2, respectively
(Fig. 4.5).

96

Figure 4.4. Cumulative seasonal core use area (50% UD) and home range (95%UD)
length estimates of tagged M. novemaculeata (a, cohort 1; b, cohort 2) populations in
the Shoalhaven River.

97

Figure 4.5. Mean (± S.E.) seasonal linear home range length estimates for a) M.
colonorum and b) M. novemaculeata; and c) seasonal distance upstream of river
mouth for both M. colonorum (cohort 1, closed circle; cohort 2, open circle) and M.
novemaculeata (cohort 1, closed triangle; cohort 2, open triangle) within the
Shoalhaven River.
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There were no significant differences in the seasonal mean home range length and
mean location of M. novemaculeata (cohorts 1 and 2) between years and among
seasons (P > 0.05).
Individual swimming depths recorded for M. colonorum (mean, 4.7 m) and M.
novemaculeata (mean, 1.3 m) ranged from 0.2 to 16 m and 0.1 to 9 m, respectively,
and was dependent on location along the river (Fig. 4.6).

4.3.2 Movement patterns
Individual M. colonorum from both cohorts displayed similar movement patterns
throughout the study. In general, the majority of fish resided in the lower to upper
middle reaches between 20 and 30 km upstream of the river mouth between October
to May (austral spring to autumn) (Fig. 4.7). Large-scale daily movements (> 5 km)
by fish were rare and occurred on only 4.3% (cohort 1) and 2.3% (cohort 2) of total
days detected. Coinciding with decreasing water temperatures (Fig. 4.8), all tagged
fish from both cohorts made between one and five extensive downstream migrations
between June and September (austral winter to spring) each year to < 5km upstream
of the river mouth. On the return journey back from these migrations, the majority of
fish relocated back to their original core use area (Fig. 4.7). In addition, 78% of
cohort 1 and 75% of cohort 2 tagged M. colonorum also made extensive downstream
movements in association with minor flood events recorded in December 2007,
February 2008 and September 2008, respectively.
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Figure 4.6. Mean (± S.E.) depth of M. colonorum and M. novemaculeata within
various river locations. Small and large dashed line represents population mean for
respective species. Solid line represents the tidal limit.
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Figure 4.7. Mean daily river location of twelve representative tagged M. colonorum
individuals at liberty between September 2007 and October 2009; cohort 1 (a–f) and
cohort 2 (g–l). Note y-axis only includes to the tidal limit (Transmitter number noted
in each plot).
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Figure 4.8. River discharge (ML/d, black line) and mean water temperature (°C,
grey line) measured downstream of Tallowa Dam between September 2007 and
February 2010.
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In contrast, M. novemaculeata movements were highly variable with some fish
displaying very little movement, while others showed evidence of larger scale
migrations (Fig. 4.9). Similar to M. colonorum, was the small daily change in mean
river location of individuals, with daily movements > 5km occurring on 2.2% (cohort
1) and 4% (cohort 2) of total days detected. Downstream migrations during the
austral winter/spring months were recorded by 20% of cohort 1 fish and 60% of
cohort 2 fish in 2008, and 50% of cohort 2 fish in 2009. Approximately half of these
fish had migrated from the freshwater reaches to the middle (UME and LME) and
UE of the Shoalhaven River. Other larger scale movements outside this period from
both cohorts were often in response to river discharge and/or increasing water
temperatures after the winter minima (Figs 4.8 and 4.9). Most (78%) of cohort 1 fish
made significant movements (both upstream and downstream) during the onset of
either the December 2007, February 2008 or September 2008 minor flood events,
while 50% of cohort 2 fish made extensive movements (both upstream and
downstream) during the onset of either the September 2008 or February 2010 minor
flood events. Extensive upstream migrations into fresh water were recorded by only
four fish from cohort 1 (40%) and 4 fish from cohort 2 (23%) during the study.

4.4 Discussion

4.4.1 Effects of tagging
Macquaria colonorum were amenable to tagging, with the majority experiencing
high rates of survivorship, particularly in cohort 1 fish. In contrast, M.
novemaculeata survival rates were not as high with < 60% of cohort 1 fish still being
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Figure 4.9. Mean daily river location of twelve representative tagged M.
novemaculeata individuals at liberty between September 2007 and February 2010;
cohort 1 (a–f) and cohort 2 (g–l). Transmitter number noted for each graph.
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detected 100 days after release. Low survival in fish surgically implanted with
transmitters has been attributed to a wide range of factors, including environmental
effects and fish condition (Jespen et al. 2002; O’Connor et al. 2009). From trials
done on M. novemaculeata, Butler et al. (2009) postulated that low water
temperatures which slowed down the surgery healing process, combined with
abdomen distension in reproductively active females, were likely to contribute to
high expulsion rates of dummy acoustic transmitters. The tagging of M. colonorum
(cohort 2) and M. novemaculeata (cohort 1) coincided with these fishes spawning
and post spawning periods during months of low water temperatures (Harris 1986;
Walsh et al. 2011). Hence, the initial trauma of tagging, in addition to the stress
already associated with spawning may have contributed to their lower survival rates
or expulsion of tags. It is recommended that any further tagging of both these species
be done outside critical spawning periods.

The mean total number of days detected for each species with tags of similar battery
life was ~ 60% higher for M. colonorum compared to M. novemaculeata. This
suggests the long term detectability of tagged M. novemaculeata may be influenced
by factors including tag failure, natural mortality and vulnerability to angling
(Heupel et al. 2006; Phillip et al. 2009). Failure rates of tags and natural mortality
could not be ascertained but were assumed to be similar to that of M. colonorum.
However, four times more tagged M. novemaculeata were recaptured by recreational
fishers than M. colonorum, with the majority of the former being caught in the
freshwater reaches. Differences in the catchability of closely-related species has been
reported previously, e.g., for largemouth bass, Micropterus salmoides and florida
bass, Micropterus floridanus (Kleinsasser et al. 1990). Moreover, Phillip et al.
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(2009) concluded from experimental trials that vulnerability of M. salmoides to
angling was a heritable trait. There is no information available on the vulnerability to
angling for either of the species in this study, however, the high recapture rates
(15%) of M. novemaculeata reported here were comparable to those recorded by
Harris (1983), from a traditional tag-recapture study carried out on a population
concentrated below a weir on the Georges River. The Georges and Shoalhaven
Rivers are similar in that the upstream habitats have been restricted by the presence
of a physical barrier, resulting in high concentrations of M. novemaculeata
congregating in the available downstream freshwater reaches (e.g., see Gehrke et al.
2002). Therefore, it is likely that high fishing pressure below Tallowa Dam may have
impacted on the survival of tagged M. novemaculeata.

4.4.2 Habitat use and residency
Macquaria colonorum and M. novemaculeata remained entirely within the
Shoalhaven River throughout the study. Individuals from both species utilised most
areas within the estuary, but only M. novemaculeata occurred in the freshwater
reaches. Tagged M. colonorum predominantly utilised the mesohaline reaches in the
austral spring to autumn months. In winter, core use areas of individuals became
fragmented as fish migrated to the euhaline areas < 5 km upstream of the river
mouth. In contrast, tagged M. novemaculeata inhabited the mesohaline, oligohaline
and freshwater reaches throughout the year. Unlike M. colonorum there was no
distinct evidence of seasonal population shifts in M. novemaculeata distribution and
home range length. Moreover, in areas where both M. colonorum and M.
novemaculeata were located, there was a distinct difference in vertical habitat
utilisation between the species, with the former residing in deeper habitats.
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The distribution of M. colonorum and M. novemaculeata corresponds and contrasts
with previous life history studies done on both these species. Although not evident in
this study, adults of both species have been captured in offshore marine waters, albeit
during times of heavy flooding (Trnski et al. 2005). Williams (1970) and
McCarraher and McKenzie (1986) captured significantly higher abundances of M.
colonorum in the mid to upper estuarine and freshwater reaches of tidal rivers,
respectively, during the austral spring and summer. Both authors also captured
significantly higher abundances of M. colonorum in the marine dominated areas of
rivers during the austral winter months. Mature M. novemaculeata have been found
to reside in the freshwater reaches of catchments during the warmer months (austral
spring to autumn), with fish migrating downstream to breed in winter before a return
spring migration (Harris 1986; Harris and Rowland 1996). In the Shoalhaven River,
only 30% of the tagged M. novemaculeata population resided for extended periods in
fresh water during the non-spawning seasons. Possible explanations for this lack of
freshwater residency by individuals includes, the reduced osmoregulatory effort
required by spawning fish remaining in brackish waters (Langdon 1987), and the
reduction of 75% of available freshwater habitat within the catchment due to the
construction of Tallowa Dam (Gehrke et al. 2001). Therefore, the instream
distribution of both these catadromous species, including the freshwater and
estuarine residency phases, is likely to be river dependent.

Although on a broad scale (i.e., river length), there were distinct spatial and temporal
differences in habitat utilisation between M. colonorum and M. novemaculeata, two
types of similar behaviour were observed: 1) individuals being confined to similar
single core use areas; and 2) individuals exhibiting homing behaviour after large
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scale movements. Previous studies have found that other percichthyids (e.g., Murray
cod Maccullochella peelii, Jones and Stuart 2007; golden perch Macquaria ambigua,
Crook 2004; striped bass Morone saxatilis, Ng et al. 2007) and estuarine-dependent
fishes (e.g., mulloway Argyrosomus japonicus, Taylor et al. 2006; spotted grunter
Pomadasys commersonnii, Childs et al. 2008c) often occupy restricted home ranges
for extended periods during non-migratory phases of their life history. It is postulated
that this adaptation allows individuals to be familiar with preferred habitats and high
prey densities, therefore minimising energy expenditure and allowing for better
growth and survival (McGrath and Austin 2009). Lepage et al. (2005) and Childs et
al. (2008c) further hypothesised that site fidelity in sturgeon, Acipenser sturio and P.
commersonnii, respectively, coincided with high abundances of non mobile benthic
organisms. Previous dietary studies done on M. colonorum and M. novemaculeata
suggest that burrowing decapods comprise a large proportion of these fishes food
source, particularly those from tidal waters (Harris 1985a; Howell et al. 2004).
Therefore, the observed site fidelity and area-use patterns displayed by tagged M.
colonorum and M. novemaculeata may have been influenced by the availability of
prey.

Repetitive homing behaviour exhibited by M. colonorum and M. novemaculeata after
large scale movements, including spawning migrations, suggests that both these fish
possess similar behavioural and motivational requirements. Reproductive homing is
a common phenomenon amongst marine (e.g., A. japonicus, Taylor et al. 2006) and
freshwater species (e.g., M. ambigua, Crook 2004), particularly anadromous
salmonids (Dittman and Quinn 1996). Factors that may contribute to the adaptation
of homing amongst these species include food availability, predation risks and
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behavioural interactions with conspecifics, all affecting the motivation of individual
fish to return home (Dittman and Quinn 1996; Crook 2004). This adaptive
significance may particularly be postulated for the repeated homing by M. colonorum
to their original summer feeding habitats in the Shoalhaven River. Harris (1983) also
found M. novemaculeata returning to the same pool after a 150km return spawning
migration and hypothesised that, not only would fish population densities be
stabilised by homing, but prolonged wandering and reestablishment of hierarchies
after each spawning would be largely avoided.

Spatial and temporal differences in frequency and location of M. novemaculeata core
use areas, home range length estimates and daily movements were consistent
between both cohorts. In contrast, higher percentages of M. colonorum cohort 2
occupied habitats closer to the sea and made less frequent large-scale movements
than those of the significantly larger and presumably older fish from cohort 1. The
inability to accurately sex all tagged individuals in this study precluded any analyses
or inference relating to sex differences in distribution and movement. However, the
data does suggest there are possible ontogenetic shifts in the behaviour and
associated distributions and movements of M. colonorum. Spatial habitat utilisation
in relation to fish size has been reported in other estuarine-dependent species
including snapper Pagrus auratus (Hartill et al. 2003), A. japonicus (Taylor et al.
2006) and P. commersonnii (Childs et al. 2008c). Taylor et al. (2006) found small A.
japonicus in a SE Australian estuary were less active and occupied different habitats
to that of larger individuals, suggesting that differences between small and large
individuals may be a function of smaller fish minimising predation risk by avoiding
larger individuals. Additional acoustic tagging of juvenile (i.e., <250 mm FL) M.
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colonorum and M. novemaculeata may provide further insight into ontogenetic
differences in habitat requirements for both these species.

4.4.3 Large-scale migration
Observations of large-scale M. colonorum putative ‘spawning’ movements in this
study supports previous life history hypotheses proposed by Williams (1970),
Beckman (1999) and Walsh et al. (2011, Chapter 3). In particular, mature individuals
were detected migrating downstream from the upper reaches of the estuary to the
lower reaches during the austral winter to early spring period. This timing coincides
precisely with the peaks in gonadosomatic indices of mature male and female M.
colonorum captured from the adjacent Clyde River during similar years (Walsh et al.
2011, Chapter 3). It is also evident that M. colonorum in the Shoalhaven River most
likely spawn in a localised area, with the majority of fish migrating to between 3 and
5 km upstream of the river mouth. This concurs with manipulative experiments done
by Beckman (1999) who found salinities of between 25 and 30 were optimal for the
survival and development of M. colonorum ova.

The frequency of these downstream and return upstream migrations (up to five per
season for some individuals) reinforces evidence that M. colonorum, similar to other
percichthyids (e.g., M. novemaculeata, Harris 1986; white bass, Morone chrysops,
Ruelle 1977; white perch, Morone americana, Jackson and Sullivan 1995), exhibits a
multiple spawning strategy. This is supported by observations that several size
classes of ova of different developmental stages occur within ‘ripe’ M. colonorum
individuals (Walsh et al. 2011, Chapter 3). At a coarse temporal scale, the initiation
of these spawning migrations coincided with minimum annual photoperiod and low
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water temperatures, while other larger scale downstream movements outside the
winter periods coincided with increased river flows. Similar to other percichthyids
(M. novemaculeata, Harris 1986; M. saxatilus, Clark et al. 2005) and estuarinedependent fishes (e.g., A. butcheri, Sakabe and Lyle 2010), it is likely that abiotic
factors, including river discharge, influence the distribution of M. colonorum
populations, as well as provide cues important for annual spawning migrations.

In contrast to M. colonorum, evidence of M. novemaculeata, annual putative
‘spawning’ migrations were considerably less frequent and even non-existent for
some individuals. Moreover, extensive downstream population movements during
the traditional spawning period were less defined than for M. colonorum and largely
restricted to the freshwater, mesohaline and oligohaline reaches of the Shoalhaven
River. The lack of seasonal movements to lower estuarine waters by individual M.
novemaculeata is either a natural phenomena, or maybe attributable to a reduction in
historical habitat due to the upstream presence of Tallowa Dam. No similar studies
concerning spawning behaviour have been conducted on this species, however, the
findings of this study correspond with previous surveys (Williams 1970; Harris
1986) and aquaculture studies (van der Wal 1985) which postulate that ~ 10 to 15 is
the preferred salinity range for successful spawning. Similar to M. colonorum, the
majority of seasonal downstream estuarine visits made by M. novemaculeata in this
study were coincident with minima water temperatures, and the return migrations of
these fish back into fresh water coincided with increased daily mean water
temperatures after the winter minimum. In the case of three upper freshwater
residents (see Fig. 4.9a,c,l), their extensive migrations to and from the estuarine
areas, were in response to significant increases in river discharge.
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Decreasing day length and temperature appear to stimulate gonadal development in
M. novemaculeata (Harris 1986), with floods and increasing water temperature
thought to be an important triggers for post-spawning migrations, as well as
subsequent juvenile recruitment (Harris 1986; Growns and James 2005). Based on
ichthyoplankton surveys, Harris (1988) associated the non-spawning of M.
novemaculeata in 1979 and 1980 in the Hawkesbury River with drought conditions
experienced across SE Australia. Although relatively dry conditions were
experienced throughout the course of this current study, particularly in 2009, the
presence of Tallowa Dam in the upper Shoalhaven River catchment may also have
influenced migration cues in M. novemaculeata. For example, flow regulation by
dams can suppress or remove these cues through the “capture” of floods and smaller
freshwater flows, with subsequent releases that may be comparatively invariant to
the natural flow regime (Reinfelds et al. 2010). Further work is required to determine
the magnitude, duration and frequency of instream flows (natural and regulated) that
stimulate and facilitate spawning behaviour.

112

CHAPTER 5

MAGNITUDE, FREQUENCY AND DURATION OF INSTREAM
FLOWS TO STIMULATE AND FACILITATE CATADROMOUS FISH
MIGRATIONS: MACQUARIA NOVEMACULEATA

5.1

Introduction

The natural flow paradigm surmises that the magnitude, frequency, duration, timing
and rates of change of flow are one of the principal variables regulating riverine
ecological processes (Poff et al. 1997). These hydrological characteristics provide
key stimulatory cues for fish to undertake spawning migrations (Lucas and Baras
2001). Flow regulation by dams, however, can suppress or remove these cues
through the capture of floods and smaller freshes and the subsequent release of
downstream flows that may be less variable than the natural flow regime (Gehrke
and Harris 2001). Although the importance of increases in river flow as a stimulatory
cue for fish migrations is well known (e.g., Benson et al. 2007; Heublein et al. 2009;
Sykes et al. 2009), only limited information is available on the magnitude,
frequency, duration, timing and rates of change of flow events that will stimulate and
facilitate spawning migrations by fish (Murchie et al. 2008; Enders et al. 2009).
Even for the Atlantic salmon, Salmo salar, one of the most extensively studied fish
with regard to mitigation of the effects of river regulation, a recent review of flow
management for this species found that further information is needed on discharge
requirements during critical life history stages (Enders et al. 2009). In particular, the
magnitude of river spates required for optimal salmon migration and survival and the
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amplitude of spring flooding necessary to initiate downstream migrations was
identified as areas requiring further research (Enders et al. 2009).

To sustain fresh water and estuarine ecosystems, it is widely accepted that water
released for environmental purposes (environmental or instream flows) needs to
incorporate a range of natural variability that enables ecosystems to function within
degrees that are socially and legally acceptable for the river in question (Poff et al.
2010). Although incorporating a range of natural variability within the low to
moderate flow range may be possible in many regulated rivers, for example through
the provision of dam ‘translucency’ rules (e.g., Gippel 2001; Reinfelds et al. 2010),
or development of ‘scaled-down’ flow regimes mimicking seasonal flow variations
(e.g., Jacobson and Galat 2008), the planned release of floods and flow pulses for
ecosystem functions dependent on higher discharges is typically more problematic.
Larger volume dam releases with higher flow rates may require expensive
retrofitting and may reduce harvestable yields beyond politically and socially
acceptable levels. With major dams already regulating flows and obstructing
migratory pathways in numerous large river systems along the eastern seaboard of
Australia (Harris 1984), detailed information on flow rates that will stimulate and
facilitate spawning migrations and successful recruitment of native fishes is needed
to help maximise the benefit of often limited water allocations to environmental flow
regimes.

Australian bass (Macquaria novemaculeata) are a top-level freshwater predatory
species and a popular sportfish among recreational fishers. The species is
catadromous, migrating downstream from freshwater into estuaries to breed during
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the austral winter (Harris 1986; Mallen-Cooper 2000). Females typically return to
freshwater habitats in late winter and spring (August to November), male fish remain
in estuarine and lowland habitats year-round, and juveniles migrate into freshwater
habitats during summer and autumn from January to May (Harris 1983; Farragher
and Harris 1994; Mallen-Cooper 2000). Winter floods trigger spawning migrations
and correlations between year-class strength and high river flows suggest that strong
juvenile recruitment occurs in wet spawning years (Harris 1986; Growns and James
2005). Although Harris (1987; 1988) and Mallen-Cooper (2000) discussed that adult
M. novemaculeata are stimulated to undertake spawning migrations between
freshwater and estuarine habitats by increases in river flow, there is little detail
available on the magnitude and hydrograph characteristics (rising, falling, steady)
associated with the initiation, progression and completion of these migrations. In one
of the few movement studies undertaken on M. novemaculeata, radio-tracking on the
Shoalhaven River below Tallowa Dam documented a small number of multikilometre movements by tagged fish (Gehrke et al. 2001). However, the oncemonthly tracking frequency was insufficient to provide detail on the magnitude and
characteristics of flows associated with these movements.

Passive acoustic telemetry with surgically implanted transmitters is widely used as a
means of studying fish movements and migrations (e.g., Hindell 2007; Crook et al.
2010; Sakabe and Lyle 2010). Where a dense network of acoustic listening stations is
installed in association with continuous flow and temperature monitoring gauges, the
role of flow and water temperature in stimulating and facilitating the initiation,
progression and cessation of migrations by individual and groups of fish can be
monitored at fine temporal and spatial resolutions. Therefore, the aims of this
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component of the study were to: (1) assess the role of flow and water temperature in
stimulating downstream and upstream spawning migrations by M. novemaculeata in
the regulated Shoalhaven River below Tallowa Dam; (2) document hydrograph
characteristics associated with the initiation, progression and cessation of
downstream and upstream spawning migrations by M. novemaculeata; and (3) assess
migration behaviour and speed by M. novemaculeata during regulated baseflow
conditions and uncontrolled spills over Tallowa Dam.

5.2 Material and Methods

5.2.1 Study area
The Shoalhaven River has a total catchment area of approximately 7300 km2 with
approximately 5630 km2 (75%) situated above Tallowa Dam. Completed in 1976,
Tallowa Dam impounds the Shoalhaven River 75 km upstream of the Pacific Ocean,
with approximately 48 km and 27 km of the river below Tallowa Dam characterised
by estuarine and freshwater habitats, respectively (Fig. 5.1). Downstream of Tallowa
Dam, the freshwater reach flows mostly through National Park, is partly confined
within a sandstone gorge, has an average gradient of 1.4 m km-1 and is characterised
by regular pool-riffle sequences. Pools average 830 m in length and are separated by
cobble dominated riffles and rapids between 30 and 300 m long that have hydraulic
heads ranging from 0.3 to 3.0 m in height (Reinfelds and Williams 2011). Two
gauging stations (215215 and 215216) occur below the dam which continuously
measure river flow and water temperature, as do two gauging stations on the primary
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Figure 5.1. Map of the study area showing position of acoustic listening stations, the
tidal limit, gauging stations (GS 215215, GS 215216) and Tallowa Dam.
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tributaries inflowing to Tallowa Dam (gauging stations 215207 and 215220).

Tallowa Dam forms the main reservoir for the Shoalhaven Scheme, a dual purpose
water supply and hydro-electric scheme, with its main purpose being drought
augmentation of water supplies for Australia’s largest city, Sydney. The total
capacity of Tallowa Dam is 75 GL, the maximum operational capacity is 35 GL
(draw down to 5 m air space), but current management rules limit the operational
capacity to 7 GL (draw down to 1 m air space), except during severe drought when
this is increased to 21 GL (draw down to 3 m air space). Mean and median annual
inflows into Tallowa Dam are 33.1 m3.s-1 and 8.3 m3.s-1, respectively, and the small
operational capacity of Tallowa Dam relative to annual inflows results in frequent
uncontrolled spills passing over the dam to the river downstream (Reinfelds et al.
2010). Floods greater than the 1.1 year annual maximum event (90% annual
exceedance probability) of 112 m3.s-1 often spill, but events equivalent to, or smaller
than this threshold, can be fully captured by the dam during periods of water supply
augmentation. Over the 2007-08 study period, the regulated baseflow release from
Tallowa Dam was 1.50 m3.s-1 (Fig. 5.2), consisting of an environmental flow release
of 1.04 m3.s-1 and 0.46 m3.s-1 released as water supply for the Shoalhaven district.

5.2.2 Fish capture and surgical procedure
Walsh et al. (2012a, Chapter 4) described the design and implementation of a linear
array of 49 Vemco® VR2W 69 kHz acoustic receivers deployed in the riverine
reaches of the Shoalhaven River below Tallowa Dam in 2007. Receivers recorded
the time, date, and identity code of each fish swimming within the detection range of
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Figure 5.2. Hydrograph showing Tallowa Dam hourly mean inflows (sum of GS
215207 and 215220, grey line) and outflows (GS 215215, black line) into the
Shoalhaven River over the 2007-08 study period.
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receiver units. In the freshwater reach, one receiver was usually deployed in the
deepest section of each major pool with detection ranges typically covering
approximately 40% of the length of each pool. Two exceptionally large pools had
two receivers each. Due to the large detection ranges, the probability of migrating
fish escaping detection at individual receivers was low (Walsh et al. 2012a, Chapter
4).

From September 2007 to October 2008, 79 M. novemaculeata were surgically
implanted with Vemco® V13-1L and V13-TP acoustic transmitters with an average
120 s delay and released within the freshwater and estuarine reaches of the
Shoalhaven River (Table 5.1). A total of 33 and 46 fish were sampled and tagged
from freshwater and estuarine habitats, respectively. The majority of fish (68) were
captured by angling with 11 captured by scoop nets during a construction-related
dewatering and fish rescue operation at the base of Tallowa Dam. A total of 70 fish
provided 100 days or greater of tracking data, and of these, 33 undertook multikilometre spawning migrations between freshwater and estuarine habitats. Data from
these 33 fish were used to assess relationships between pre- and post spawning
migrations, hourly mean river flow and hourly mean water temperature over 20072008.

Surgical transmitter implantations were undertaken both in the field and at the
Shoalhaven Marine and Freshwater Research Centre. For surgery, an anaesthetic
bath containing 50 mg L-1 of Aqui-S solution was used for sedation. Fish were then
weighed (± 1g), measured (fork length, ± 1 mm) and placed ventral-side up in a Vshaped surgical cradle. During surgery, 25 mg L-1 of Aqui-S solution was irrigated
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Table 5.1. Release date and location, sex and fork length for M. novemaculeata
tagged from September 2007 to October 2008.

Cohort

Release date and location

No.of fish and sex

Fork length (mm)
mean ± s.d.

Cohort 1

September - October 2007
Estuary

17 total
10 females, 2 males,
5 undetermined

380 ± 35

Cohort 2

March - April 2008
Fresh water

22 total
22 undetermined

375 ± 29

Cohort 3

May - October 2008
Fresh water and estuary

40 total
19 females, 4 males,
17 undetermined

383 ± 25
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over the gills of the fish using a battery operated pump. A transmitter, weighing <
2% of the body mass of the fish, was inserted into the peritoneal cavity of each fish
via a 20mm incision on the ventral mid-line between the pelvic fins and the anus.
The incision was closed with two synthetic absorbable sutures (Ethicon Vicryl 3-0)
and tied with a double surgeons knot. Post surgery, fish were injected with an
antibiotic (oxytetracycline) at a dosage of 75 mg kg

-1

fish weight. All fish were

further identified with an external T-bar anchor tag (Hallprint) inserted below the
dorsal fin. Following surgery, fish were allowed to recover in ambient water until
they were observed to swim normally (for field based surgery), or for up to 18 days
(for laboratory based surgery), and then released close to the point of capture. No
post-tagging infection, haemorrhaging, tag rejection or abnormal behaviour was
observed in any of the fish held.

5.2.3 Statistical analysis
Mann-Whitney rank sum tests in Sigmaplot 11.0 (Systat Software Inc., California,
USA) were used to test the null hypothesis that there is no significant difference in
fish migration speeds through freshwater pool-riffle habitats between fish migrating
during spills over Tallowa Dam and fish migrating under regulated baseflow
conditions. These analyses were based on the assumption that detection ranges were
similar at each receiver. Both upstream and downstream migrations were tested, and
two measures of migration speed were used: ‘ground speed’ expressed in m.s-1; and,
‘swim speed’ (ground speed divided by fish body length) expressed as body lengths
per second (BL.s-1). Only continuous periods of active daily movement were used in
the analyses, with multi-day pauses characteristic of stop-start migrations excluded
from the swim speed analyses. Migration commencement and cessation were defined
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as the last and first recorded detections, respectively, for multi-kilometre periods of
continuous movement between receivers. The high density of receivers in the study
area (see Fig. 5.1) provided a clear record of migration commencement and cessation
by individual fish.

Quantile regression in R Project software (http://www.r-project.org) was used to
assess limiting relationships between upstream fish migration speeds and the
maximum flow encountered by fish migrating during spills over Tallowa Dam.
Quantile regression determines a function for which a user specified proportion or
percentage of data points lie at or below the value predicted (Lancaster and Belyea
2006) and provides a means to assessing the limiting constraint of any measured
variable to an organism response with the understanding that “…the response of the
organism cannot change by more than some upper limit set by the measured
factors…” (Cade and Noon 2003, p. 413). A linear function for the 90th quantile
(90% of data points lie at or below the predicted value) was used to assess the effects
of variations in maximum hourly mean flow rates encountered by upstream
migrating fish during spills over Tallowa Dam.

5.3 Results

5.3.1 Spring 2007 post-spawning upstream migrations
A total of ten M. novemaculeata captured and released in the Shoalhaven estuary
from September to October 2007 returned 100 days or greater of tracking data. Of
these, seven fish were female, one was male and two were unsexed. Two female fish
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(1039695 and 1036282) occupied positions at the tidal limit for approximately five
weeks prior to commencing upstream migrations on 24/11/07, on a rising hydrograph
at the onset of a multi-peak spill event over Tallowa Dam (Fig. 5.3). A third female
(1039700) entered the lower freshwater reach during this rise, but abandoned its
freshwater migration and instead undertook a 20 km downstream estuarine migration
(Fig. 5.3a). Of the seven other fish, four (all females) commenced 10-20 km
downstream estuarine migrations in association with the 320 m3.s-1 (approximately 3
m) river rise on 30 November 2007. In February 2008, a 1.5 year recurrence interval
flood event with a peak discharge of 680 m3.s-1 produced a river rise of
approximately 4 m, but no further M. novemaculeata attempted upstream freshwater
migrations. Instead, three female fish undertook downstream estuarine migrations in
response to this larger flood event (Fig. 5.3). One of these females (1039697)
remained within the estuary until October 2008, undertaking regular intra-estuarine
migrations between 47 km and 20 km upstream of the sea, without venturing into
freshwater habitats for 12 months.

5.3.2 Autumn-winter 2008 downstream spawning migrations
A total of 23 M. novemaculeata tagged within the fresh water below Tallowa Dam in
April and July 2008 returned greater than 100 days of tracking data. The majority
(14) were unsexed, while seven fish were female and two fish were male. A further
two female fish from cohort 1 (1039695 and 1036282) that completed post-spawning
upstream migrations in spring 2007 were also resident in fresh water below Tallowa
Dam prior to the commencement of the 2008 autumn-winter downstream migration
season. Of the 25 tagged M. novemaculeata that were resident in fresh water in
autumn-winter 2008, a large majority (84%) attempted or completed downstream
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Figure 5.3. a) Scatterplot of detections versus distance showing upstream migration
patterns for tagged M. novemaculeata over spring-summer 2007-08 (Dashed line
represents the tidal limit); (b) hourly mean flow; and (c) hourly mean water
temperature at gauging stations 215215 (grey line) and 215216 (black line).
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migrations to the estuary, including both fish that completed post-spawning upstream
migrations in 2007 (1039695 and 1036282), whereas four (16%) fish did not attempt
a downstream migration.

For the 21 migrating M. novemaculeata, three broad types of downstream migratory
behaviour were apparent: (i) early season flow pulse migrants; (ii) mid-season
baseflow migrants; and (iii) late season flow pulse migrants (Fig. 5.4). Early season
flow pulse migrants were defined as fish that commenced their 2008 pre-spawning
downstream migrations in association with an autumn (April) spill event over
Tallowa Dam. Mid-season baseflow migrants were fish that commenced downstream
migrations in autumn-winter under regulated baseflow conditions. Late season flow
pulse migrants were fish that commenced their downstream migrations in late winter
to early spring (late August to September) in association with a series of spill events
over Tallowa Dam (Fig. 5.4).

Three M. novemaculeata (14%) commenced early season flow pulse migrations on
the falling limb of a small spill event that peaked with a maximum flow rate of 7.2
m3.s-1 on 20 April 2008 (Fig. 5.5a). All three fish commenced their migrations on the
falling hydrograph limb within 3.5 hours of each other approximately 17-21 hrs after
a broad-crested hydrograph peak on 20 April (Fig. 5.5a). Two fish (1053025 and
1053028) exhibited a preference for dusk-dawn migration through pool-riffle in the
fresh water below Tallowa Dam, whereas the third fish (1053022) undertook the
majority of its freshwater migration during daylight hours (Fig. 5.5a). Hourly mean
water temperatures measured at gauging station 215216 ranged between 18 and 20ºC
during this early season flow pulse migration (Fig. 5.4).
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Figure 5.4. (a) Scatterplot of detections versus distance showing downstream
migration patterns for tagged M. novemaculeata over autumn-winter 2008 (Dashed
line represents the tidal limit); (b) hourly mean flow; and (c) hourly mean water
temperature at gauging stations 215215 (grey line) and 215216 (black line).
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Figure 5.5. Scatterplot of detections versus distance upstream (y-axis) and hourly
mean flow (yy-axis, black line) detailing downstream migration commencement,
progression and cessation for tagged M. novemaculeata over autumn, winter and
spring 2008. Grey bars show dusk-dawn (6:00 pm to 6:00 am) periods. Dashed line
represents the tidal limit.
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Mid-season baseflow migrations were undertaken by eight of 21 M. novemaculeata
(38%: 1053023, 1054500, 1054505, 1054504, 1054498, 1036282, 1053024 and
1053026) from May to August 2008 during regulated baseflow conditions and in the
absence of tributary flow pulses (Fig. 5.4 and Fig. 5.5b,c). Sustained and rapid
decreases in hourly mean water temperatures during autumn from daily ranges of
approximately 18-20ºC in late April 2008 to 13-16ºC in late May 2008 (Fig. 5.4)
were associated with the commencement of mid-season baseflow migrations by four
M. novemaculeata (1054505, 1054504, 1054500 and 1054498). These four fish
commenced migrations from the fresh water to the estuary from 21/5/2008 to
2/6/2008 in association with hourly mean water temperatures ranging from 13 to
16ºC (Fig. 5.5b). Mid-season baseflow migrants showed a preference for dusk-dawn
migration through freshwater pool-riffles (Fig. 5.5b: 1054504, 1054500 and
1054505), with some fish taking advantage of flow pulses during the latter part of
their freshwater migration (Fig. 5.5b: 1054498 and 1054505).

Similar to early season flow pulse migrations, late season flow pulse migrations
undertaken by 10 of 21 (48%) M. novemaculeata were initiated in association with a
period of uncontrolled spills over Tallowa Dam (Fig. 5.4). Fish responded
individually, commencing their migrations at different times during four separate
multi-peak spill events from 10 August to 25 September 2008, with no evidence for
increased numbers of migrants with increased spill event size (Fig. 5.4). Three fish
(Fig. 5.5c: 1053860, 1057341 and 1057344) commenced their migrations within 25
hrs of each other on 24-25 August 2008, and two fish (Fig. 5.5d: 1057400 and
1057342) initiated migrations within 12 hrs of each other on 15-16 September.
Examining this former group in detail, fish 1057344 commenced and continued its
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freshwater migration during daylight hours on a locally receding hydrograph that
peaked at 15.3 m3.s-1 on 23 August 2008. Fish 1057341 commenced migration on a
locally falling hydrograph on 25 August but accelerated on 26 August during the
receding limb of the 15.9 m3.s-1 hydrograph peak, and showed a clear preference for
dusk-dawn migration through the freshwater pool-riffles. Fish 1053860 commenced
its migration on the rising limb of the 13.3 m3.s-1 hydrograph peak during daylight
hours on 25 August and continued an uninterrupted migration of 62 km over 62 hrs
into the Shoalhaven estuary. During the period of late season flow pulse migrations,
hourly mean water temperatures at gauging station 215216 oscillated from 10 to
12ºC in early-mid August before increasing to a maximum of 18ºC in late September
2008 (Fig. 5.4).

5.2.3 Autumn-winter 2008 upstream post-spawning migrations
Thirteen M. novemaculeata (3 female, 10 unsexed) undertook post-spawning return
migrations from the estuary into fresh water during spring 2008 from early
September to late October. Return migrations occurred both during flow pulses
generated by spills (54%) and during regulated baseflow conditions (46%) with
approximately equal numbers of migrants entering freshwater habitats under both
conditions. Post-spawning upstream migrations during September occurred
concurrently with late season downstream migrations (compare Fig. 5.4 and Fig.
5.6a). In addition, six of 13 (46%) post-spawning upstream migrants (1054502,
1053863, 1039618, 1054500, 1054499 and 1054497) returned to the estuary
concurrently with downstream late season migrants during spills from late September
to late October 2008 (Fig. 5.6). Of these six fish, two (1039618 and 1054500)
undertook second return migrations to freshwater habitats in October and a third fish
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Figure 5.6. (a) Scatterplot of detections versus distance upstream showing migration
patterns for tagged M. novemaculeata over winter-spring 2008 (Dashed line
represents the tidal limit); (b) hourly mean flow; and (c) hourly mean water
temperature at gauging stations 215215 (grey line) and 215216 (black line).
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(1053863) undertook a return migration to the fresh water in January 2009 (Fig.
5.6a). Macquaria novemaculeata that migrated upstream during spills showed no
clear preference for dusk-dawn migrations across pool-riffle sequences (Fig. 5.7a,b).
The majority of fish migrating upstream during regulated baseflow conditions
exhibited dusk-dawn migration strategies, with fish 1039695, 1057341 and 1053025
providing clear examples of this type of behaviour (Fig. 5.7 c,d).

5.3.4

Migration speeds and hydrograph characteristics during spills and

regulated baseflow conditions
For downstream spawning migrations, Mann-Whitney rank sum tests indicate that
the median ground speed (U = 3.0; n = 10, 14; P < 0.001) and swim speed (U = 2.0;
n = 10, 14; P < 0.001) was significantly faster for flow pulse migrations than for
baseflow migrations under regulated flow conditions (Table 5.2). The lower 25th
percentile and median downstream flow pulse migration speeds of 0.075 and 0.20
ms-1 (Table 5.2a) are equivalent to 24 hr travel distances of 6.5 and 17.6 km.d-1,
respectively. The median flow rate at migration commencement for downstream
flow pulse migrants was 6.9 m3.s-1, and approximately 64% of flow pulse migrants
commenced their migrations on falling hydrograph limbs, with 36% commencing
migrations on rising hydrographs (Table 5.2). The majority of fish commencing flow
pulse migrations on a rising hydrograph did so near the peak, and almost all flow
pulse migrants completed their downstream migrations through the fresh water on
receding hydrographs.
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Figure 5.7. Scatterplot of detections versus distance upstream (y-axis) and hourly
mean flow (yy-axis) detailing upstream migration commencement and diel patterns
for tagged M. novemaculeata over spring 2008. Grey bars show dusk-dawn (6:00 pm
to 6:00 am) periods. Dashed line represents the tidal limit.
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Table 5.2. Downstream migration speeds, hourly mean flow at migration commencement, maximum hourly mean flow encountered during
migration and hydrograph characteristics (rising, falling, steady) at the time of migration commencement for: (a) flow pulse migrations during
spills over Tallowa Dam; and (b) baseflow migrations during regulated flow conditions.
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Similar to downstream migrations, Mann-Whitney rank sum tests indicate that the
median upstream migration speed during flow pulses caused by spills was
significantly faster than during regulated baseflow conditions, both for fish ground
speeds (U = 31; n = 7, 21; P = 0.026) and swim speeds (U = 33.5; n = 7, 21; P =
0.036). The lower 25th percentile and median upstream flow pulse migration speeds
of 0.049 and 0.071 ms-1, respectively (Table 5.3a), are equivalent to 24 hr travel
distances of 4.2 and 6.1 km.d-1, respectively. The median flow rate at migration
commencement for upstream spill migrants was 8.8 m3.s-1 (Table 5.3). In a reversal
to fish response for downstream migrations, approximately 62% of upstream spill
migrants commenced their migrations through freshwater habitats on rising
hydrograph limbs whereas 38% commenced their migrations on falling hydrograph
limbs (Table 5.3). For fish commencing upstream migrations into freshwater habitats
on rising hydrographs, the majority did so in the early stages of the rise.

5.3.5 Quantile regression analysis of upstream migration speed
Quantile regression analysis of upstream migration speeds against maximum hourly
mean flow encountered by M. novemaculeata during spills over Tallowa Dam was
indicative of a significant upper limiting relationship (Fig. 5.8). Upstream migration
speeds were fastest when the maximum hourly mean flows encountered by migrating
fish were low (approximately 7 m3.s-1), with the upper limit to migration speeds
decreasing linearly with progressively higher flows up to 105 m3.s-1 (Fig. 5.8).
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Table 5.3. Upstream migration speeds, hourly mean flow at migration commencement, maximum hourly mean flow encountered during
migration and hydrograph characteristics (rising, falling, steady) at the time of migration commencement for: (a) flow pulse migrations during
spills over Tallowa Dam; and (b) baseflow migrations during regulated flow conditions.
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Figure 5.8. Quantile regression analysis between (a) fish ground speed (ms-1), (b)
fish swim speed (BL.s-1) and maximum encountered hourly mean flow for upstream
migrating M. novemaculeata in 2007-08 during spills over Tallowa Dam.
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5.4 Discussion

5.4.1 Migratory response to river flow and temperature
The monitoring array of 49 listening stations over a 75 km freshwater-estuarine reach
in the Shoalhaven River below Tallowa Dam has provided a detailed insight into the
migratory response of M. novemaculeata to changes in river flow and water
temperature in a regulated river system. In particular, the initiation, progression and
cessation of individual migrations were assessed at a fine temporal, and wellconstrained spatial resolution. Downstream spawning migrations in 2008 were
undertaken by 84% of tagged fish resident in freshwater habitats, and the majority
(62%) of these migrations were initiated in response to flow pulses spilling over
Tallowa Dam. A proportion of fish (38%), however, initiated downstream migrations
under regulated baseflow conditions, with no clear flow pulse stimulus from Tallowa
Dam or unregulated inflowing tributaries. Downstream migrations by this latter
group, described as baseflow migrants, were associated with rapid and sustained
decreases in water temperature in late autumn toward a winter thermal regime
characterised by water temperatures persistently below 15ºC. Baseflow migrants
progressed downstream slowly, showed a preference for dusk-dawn migration
through freshwater pool-riffles, and took advantage of flow pulses (when they
occurred) to accelerate their migrations to the estuary. Not known, however, is
whether baseflow migrant behaviour in the Shoalhaven River is an adaptation to flow
regulation and capture of flow pulses by Tallowa Dam, or whether such behaviour is
also evident in unregulated river systems during natural winter baseflow periods.
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Macquaria novemaculeata migrated in association with spills over Tallowa Dam
(described as flow pulse migrants), with a small proportion of fish undertaking
downstream early season migrations in mid-autumn (April), and a larger proportion
of fish undertaking downstream late season migrations in early spring (mid-late
September). Downstream flow pulse migrants swam significantly faster than
baseflow migrants, reflecting the assistance of elevated flow rates, with more
pronounced diel behavioural influences evident in baseflow migrants. Approximate
equal numbers of flow pulse migrants undertook daytime and dusk-dawn migrations
through freshwater pool riffles, suggesting that M. novemaculeata react
opportunistically to flow pulses regardless of the time of day they occur. Results
from this study suggest that in regulated river systems for south-eastern (SE)
Australia, even relatively small magnitude flow pulses can stimulate a downstream
migratory response by M. novemaculeata. The median, 75th percentile and maximum
flow rate at the time of downstream migration commencement for 14 flow pulse
migrations was 6.9 m3.s-1, 9.3 m3.s-1 and 11.0 m3.s-1, respectively. These are not large
flows, equivalent to the long term natural (in the absence of Tallowa Dam) 56th, 47th
and 41st flow duration percentiles (flows equaled or exceeded for 56%, 47% and 41%
of time), respectively. Each of the five main flow pulses from April to September
2008 initiated migratory responses in tagged M. novemaculeata, with individual fish
ignoring some pulses but then commencing migrations on subsequent pulses. There
was no evidence for increased numbers of migrants with the largest flow pulse of the
study period, as greater numbers of fish migrated in association with pulses
preceding and post-dating this largest event. Overall, the majority of downstream
flow pulse migrants initiated their migrations on falling hydrograph limbs, while
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most of those that initiated migrations on rising limbs did so at or near the
hydrograph peak.

Upstream post-spawning migrations occurred from September to November with
approximate equal numbers of migrants entering freshwater habitats during spills and
during regulated baseflow conditions. Upstream freshwater migrations during spills
were opportunistic (no dusk-dawn preference), commenced primarily on rising
hydrograph limbs, and were significantly faster than upstream migrations during
regulated baseflow conditions. The median flow rate at the time of upstream
migration commencement within freshwater habitats for 21 flow pulse migrations
was 8.8 m3.s-1, equivalent to the long term natural (in the absence of Tallowa Dam)
48th flow duration percentile (flows equaled or exceeded for 48% of time). Baseflow
migrating fish showed a clear preference for dusk-dawn movement across freshwater
pool-riffle sequences, perhaps as a predator avoidance strategy (Smith and Smith
1997; Svedensen et al. 2004). In particular, birds have been observed feeding on
stranded M. novemaculeata in shallow riffles below Tallowa Dam during daylight
hours (Reinfelds et al. 2010). Two artificial flow pulses on 17 and 28 October 2008,
originating from hydro-electric power generation surges spilling over Tallowa Dam,
with no corresponding flow increases in the two primary tributaries entering Tallowa
Dam (Shoalhaven and Kangaroo Rivers), stimulated both upstream and downstream
migratory responses in numerous tagged M. novemaculeata. This indicates that
artificial flow pulses may also effectively trigger downstream migrations. Moreover,
multiple spawning migrations displayed by six tagged fish between freshwater and
estuarine habitats has not previously been documented for M. novemaculeata, and is
most likely reflective of a multiple spawning strategy characteristic of other
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Australian percichthyids (Harris 1986; Walsh et al. 2011; 2012b, Chapters 3 and 4).
This multiple spawning strategy may be an adaptation to SE Australia’s highly
variable hydrology (Erskine and Warner 1988; Finlayson and McMahon 1988; Kiem
et al. 2003), enabling M. novemaculeata to take advantage of floods and flow pulses
for spawning within a wider seasonal time frame.

5.4.2 Estuarine dwelling female M. novemaculeata
The inability to accurately sex all tagged individuals in this study precluded any
analyses or inference relating to sex differences in fish movement. However, results
from this study indicate that not all adult female M. novemaculeata undertook
upstream post-spawning migrations into freshwater habitats over 2007-08, with
several of these fish actively migrating throughout the upper to middle estuary for up
to 12 months. Walsh et al. (2012b, Chapter 4) suggested that, contrary to previous
studies (Harris 1983), the freshwater residency phase for female M. novemaculeata
may not be obligatory, particularly in habitat reduced regulated river systems such as
the Shoalhaven River. Moreover, a study of active osmoregulation in M.
novemaculeata and golden perch, Macquaria ambigua, found that M. novemaculeata
were more efficient osmoregulators in saltwater than in fresh water, and that the
osmoregulatory response of M. novemaculeata resembled that of more estuarine
species (Langdon 1987). Indeed, Langdon (1987) suggested that the efficient
osmoregulation in saline water by M. novemaculeata was unexpected because, with
the exception of spawning and a juvenile residency phase, M. novemaculeata were
thought to spend the majority of their life history in fresh water. Therefore, the
reduced osmoregulatory effort required by M. novemaculeata, combined with the
species tendency for strong site fidelity several kms downstream of the tidal limit
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(Walsh et al. 2012b, Chapter 4), suggests that a proportion of female M.
novemaculeata populations may reside within the extensive oligohaline (salinity
between 0.5 and 5) upper reaches of estuaries that have significant freshwater inflow.

5.4.3 Implications for flow management in regulated river systems
This study has confirmed the accepted knowledge of migratory behaviour for adult
M. novemaculeata, including the general timing and the importance of flow pulses in
stimulating both downstream and upstream spawning migrations (Harris 1986; 1988;
Mallen-Cooper 2000). Moreover, this study has also provided new insight in the
possible role of a declining trend in autumn water temperatures on the migratory
response of this species. Additionally, M. novemaculeata dusk-dawn migratory
behaviour patterns across pool-riffles during regulated baseflow conditions were
documented, and provided information on the speed of migrating fish with regards to
flow rates in a regulated river system.

The staggered downstream migration by individual fish over 2008, with no evidence
for increased numbers of migrants with increasing flow pulse magnitude, suggests
that in a regulated river system, more frequent small magnitude flow pulses over
winter, attaining flow rates approximating the natural 50th flow duration percentile,
may be more beneficial in stimulating greater numbers of M. novemaculeata to
undertake downstream spawning migrations, rather than any single larger flow pulse.
Not known, however, is whether the 96 m3.s-1 flow pulse in June 2008 that was
captured by Tallowa Dam may have stimulated a migration by large numbers of M.
novemaculeata to the estuary, or, whether the multiple small magnitude natural flow
pulses characteristic of autumn, winter and spring 2008 would have naturally
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resulted in staggered, multiple downstream migrations. The June captured flow pulse
was of a similar magnitude to the 84 m3.s-1 flow pulse that occurred in early
September 2008. This latter event approximated a 1.1 year recurrence interval flood
and only stimulated a relatively small proportion of tagged M. novemaculeata to
migrate. While this suggests that floods equal to and larger than this magnitude may
not be necessary to trigger downstream migrations by greater numbers of M.
novemaculeata, further long time series telemetry data sets from different river
systems covering a range of environmental conditions is needed to test such a
hypothesis.

The migratory response by M. novemaculeata to river flow and water temperature,
suggests that in SE Australian regulated river systems, release of flow pulses with
steep rising limbs, more gentle falling limbs and peak flow rates attaining the natural
50th flow duration percentile, timed to occur in association with declining water
temperature trends to below 15ºC, provides sufficient stimulatory cues for a
proportion of M. novemaculeata populations to undertake downstream migrations
from freshwater to estuarine habitats. Mean daily water temperatures for the
Shoalhaven River at station 215216 declined to persistently below 15ºC on 19 May
2008 and five tagged M. novemaculeata commenced downstream migrations from
21 May to 4 June 2008 during regulated baseflow conditions with no flow pulse
influence. Although water temperature characteristics for other river systems in
NSW inhabited by M. novemaculeata have not been investigated, there may be some
variability around the suggested 15ºC temperature threshold. Harris (1986)
postulated that decreasing water temperature was the primary factor driving gonadal
development in M. novemaculeata, but that floods provided the trigger for
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downstream spawning migrations to estuaries. Data from this study, as well as
similar work done on the closely related Macquaria colonorum (Chapter 6), suggests
that it is more than likely the rapid declining trend in autumn-winter temperatures,
rather than any specific temperature, to stimulate or predispose a proportion of M.
novemaculeata populations to migrate to estuarine habitats over winter, even in the
absence of a strong winter flood or flow pulse stimulus.

Although the suggestion that flow pulses with peaks attaining the natural 50th flow
duration percentile may be sufficient to stimulate M. novemaculeata to undertake
spawning migrations from freshwater to estuarine habitats, this flow rate is well
below the magnitude of floods and flow pulses associated with the successful
spawning, recruitment and large catches of young-of-year M. novemaculeata found
in other studies (e.g., Harris 1986; 1988; Growns and James 2005). Harris (1986) and
Harris and Gehrke (1994) reported that M. novemaculeata spawned in the
Hawkesbury River estuary in 1981, a year of limited freshwater inflow, but that
overall reproductive success for this year was much lower than in years with large
flood events (e.g., 1974 and 1978). Likewise, high interannual recruitment variability
in association with river discharge has also been reported for other Australian
percichthyids (e.g., M. colonorum, Walsh et al. 2010, Chapter 2; M. ambigua,
Roberts et al. 2008) indicating they possess the flexibility to sustain some
recruitment during years without large freshwater inflows (Mallen-Cooper and
Stuart, 2003). Similar to other SE Australian estuarine-dependent species (e.g., black
bream, Acanthopagrus butcheri, Newton 1996) the timing and location of spawning
as well as recruitment success in M. novemaculeata populations has been linked to
periods of increased plankton blooms, due to significant flooding (Harris 1985a).
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Therefore, the management of regulated flows (e.g., magnitude, timing etc.) in SE
Australia should not only be taken into consideration to facilitate annual M.
novemaculeata spawning migrations, but also be large enough to provide the bloom
of suitable prey that support high larval and juvenile survivorship, hence sustaining
population abundance.

The downstream and upstream migration speeds registered by tagged M.
novemaculeata provides an indication of the duration of flow pulses needed to
facilitate their migrations through freshwater pool-riffle dominated habitats in a
relatively low gradient (1.4 m.km-1) cobble-bed river. For downstream migrations,
the lower quartile 24 hour travel distance of 6.5 km.d-1 suggests that receding limbs
of managed hydrograph pulses should extend for approximately five days to allow
fish to commence their migrations early in the hydrograph recession and then
complete their journey to the estuary over the remaining four days. For flow pulses
designed to facilitate upstream migrations, the 24 hour travel distance for the lower
quartile of flow pulse migrants was 4.2 km.d-1. Given that the majority of upstream
flow pulse migrants responding to flow increases did so on rising hydrograph limbs,
a strategy of multiple shorter duration (3 day) flow pulses may be more beneficial
than a single longer duration (6 day) pulse in stimulating and facilitating upstream
migrations through the 25 km freshwater reach up to Tallowa Dam. Quantile
regression analysis of upstream migration speeds against maximum hourly mean
flow encountered by flow pulse migrants indicates that pulses with a peak magnitude
approximating the natural 50th flow duration percentile increases the potential for
fish to maximise their individual upstream migration speeds. These results are
similar to documented reductions in upstream migration speeds for chinook
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(Oncorhynchus tshawytscha) and steelhead (Oncorhynchus mykiss) salmon in
association with increasing discharge (Keefer et al. 2004) and increasing channel
gradient (English et al. 2006), suggesting that the maximum hourly flow rate
encountered by upstream migrating M. novemaculeata exerts significant control on
the speed of upstream migration.
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CHAPTER 6

ENVIRONMENTAL INFLUENCES ON THE SPATIAL ECOLOGY
AND SPAWNING BEHAVIOUR OF AN ESTUARINE-DEPENDENT
FISH, MACQUARIA COLONORUM

6.1 Introduction

Estuarine environments are characterised by marked temporal and spatial
fluctuations in abiotic conditions (e.g., salinity, water temperature and turbidity) due
to competing influences of freshwater inflows and tidal flow (Bennett and Branch
1990; Kimmerer 2002; Heupel and Simpendorfer 2008). Strong relationships exist
between the distributions of estuarine fish and such environmental factors (Blaber
and Blaber 1980; Whitfield 1994; Marshall and Elliot 1998). Salinity has long been
recognised as a primary factor influencing the utilisation, movement and community
composition of fishes in estuaries (Harrison and Whitfield 2006; Selleslagh and
Amara 2008), while water temperature has been found to control key physiological,
biochemical and life-history processes (Beitinger and Fitzpatrick 1979). Fish that
live within estuaries have evolved strategies to deal with fluctuating environmental
conditions. For example, sedentary estuarine fishes tend to osmoregulate over a
broad range of salinities, whereas more mobile fishes may move to areas that are
more suitable as environmental conditions change (Whitfield 1994; Heupel and
Simpendorfer 2008). Biotic factors, including the distributions and behaviour of
predator and prey species also influence the movement of fish in estuaries (Marshall
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and Elliot 1998; Elliot et al. 2007). This is not unusual as the behavioural rhythms of
fish and invertebrates have been found to be similarly linked to cyclical events such
as diel, tidal and moon phase (Morgan 2001).

Many estuarine-dependent and diadromous fishes have well defined home ranges for
most of their routine activities before migrating to distant discrete spawning areas
(Pitman and McAlpine 2001; Crook et al. 2010; Walsh et al. 2012b, Chapter 4). The
factors determining spawning can be complex and usually relate to one or more cues
over a range of temporal scales, including time of day, state of the tide, lunar period
and season (Pittman and McAlpine 2001). Although the spawning migrations of
many diadromous and estuarine-dependent fishes have been linked to environmental
cues (McDowall 1988; Pusey et al. 2004), the precise ‘triggers’ for these migrations
are still not fully understood. Increasing and decreasing photoperiod has been found
to be a major predictive, proximate factor indicating seasonal spawning migrations in
fishes (Smith 1984). However, the annual variation of timing of migration is more
likely caused by differences in environmental conditions such as river discharge and
water temperature (Jonsson 1991; Svendsen et al. 2004). This has implications for
regulated river systems as ‘unseasonal’ periodic flow releases or periods of flow
suppression can desynchronise temperature and flow conditions, potentially resulting
in a loss of cues for spawning and dispersal, as well as restricting fish passage
(Gehrke et al. 1999; Whitfield 1994; Reinfelds et al. 2010).

Estuary perch, Macquaria colonorum is a catadromous, estuarine-dependent fish
found in the freshwater and tidal reaches of rivers, lakes and coastal lagoons of
south-eastern (SE) Australia (Harris and Rowland 1996). Although on occasions they
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have been captured in coastal waters, previous studies suggest they complete their
life cycle within a specific estuary (Williams 1970; McCarraher and McKenzie 1986;
Walsh et al. 2012b, Chapter 4). Specifically, Walsh et al. (2011, Chapter 3) reported
increasing gonad development of both sexes within the lower estuaries of rivers
during the austral winter months, with ripe females carrying multiple size-class
‘batches’ of eggs. Moreover, salinity levels considered for optimal M. colonorum
spawning and larval development are consistent with those found within these
marine dominated lower estuarine areas (Beckman 1999). Similar to other estuarinedependent species, the high inter-annual variability in recruitment success of M.
colonorum associated with occurrences of ‘dry and ‘wet’ spawning years suggests
that freshwater inflows may play a role in influencing spawning behaviour and
success (Walsh et al. 2010, Chapter 2). Although the spatial and temporal
distribution patterns and reproductive ecology of M. colonorum have been
investigated (Walsh et al. 2011; 2012b, Chapter 3 and 4), the influence of
environmental factors on their residence, movement and spawning behaviour has not
been examined in detail.

Recent developments in acoustic tagging technologies have increased our capacity to
directly link the distribution and movement of fish with key abiotic and biotic factors
(Childs et al. 2008a; Hindell et al. 2008; Sakabe and Lyle 2010). Such work has
enhanced our understanding of the ecological relationships of, and potential effects
of anthropogenic impacts, on estuarine fish species. The aims of this component of
the research were to: (1) test and model the relationships of salinity, water
temperature and river flow on M. colonorum distribution and movement; (2)
investigate temporal periodicity in M. colonorum detections and determine any
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significant diel, tidal, and moon phase effect on their spawning migrations; and (3)
determine temporal and sex-related differences in the timing, frequency and duration
of M. colonorum annual spawning events. This was achieved by the acoustic tagging
of M. coloronum and an acoustic telemetry array in a regulated coastal river.

6.2 Material and Methods

6.2.1 Study area and environmental characterisation
The Shoalhaven River (-34° 53’ S, 150° 45’ E) is approximately 327 km long and
has a total catchment area of 7,300 km2 (Roy et al. 2001) (Fig. 6.1). The Tallowa
Dam impounds the Shoalhaven River 75km upstream of the Pacific Ocean with
mean and median annual inflows to the dam (calculated for 1909-2004, Reinfelds et
al. 2010) of 1043 GL and 631 GL, respectively. Due to the small operational
capacity relative to annual inflows, the dam frequently overtops during wet years
creating unmanaged spills of water flowing to the river downstream thereby
supplementing regulated environmental flow releases (Reinfelds et al. 2012, Chapter
5). The estuarine section of the river (48km in length) has a tidal range of
approximately 1.2 m and temperatures typically range between 8ºC and 25ºC
annually. Average, minimum and maximum salinities recorded for the lower estuary
(LE), lower middle estuary (LME), upper middle estuary (UME) and upper estuary
(UE) (Fig. 6.1) were 32.7 (8.7-34.5), 21.6 (0-29.7), 13.27 (0-24.6) and 3.9 (0-11.4),
respectively. Hence, the LE zone is typically marine (euhaline), while the middle two
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Figure 6.1. Study site location and detailed map showing the position of acoustic
listening stations in the Shoalhaven River. Filled circles represent receivers used in
this study, while open circles represent additional receivers deployed in the
freshwater reaches. Lower estuary (LE), lower middle estuary (LME), upper middle
estuary (UME) and upper estuary (UE) zonation based on salinity and
geomorphological characteristics (Roy et al. 2001; Walsh et al. 2012b, Chapter 4).
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zones represent the estuarine or mixing zone between river and sea (mesohaline and
polyhaline) and the UE zone is fresh water dominated (oligohaline).

Throughout the study freshwater inflows (river flow) were continuously recorded at
Grassy Gully (gauge: 215216) upstream of the tidal limits, while salinity and water
temperature were recorded via Odyssey data loggers deployed at seven locations
within the estuary (Fig. 6.1). A calibrated estuarine hydrodynamic salinity model
(Miller et al. 2006) was extended to cover the study period, thus enabling salinity
measurements and tidal state predictions to be estimated for each receiver location at
hourly increments.

6.2.2 Fish tagging and acoustic telemetry
Nineteen adult M. colonorum were implanted with Vemco® V13 transmitters and
released between September and December 2007 (see Table 6.1). To avoid the
possibility that movement patterns could be influenced by tagging location, fish were
captured and released at several different sites. Fish were angled using hook and line
and operated on in situ. Fish were placed in an anaesthetic bath containing 50 mg L-1
of Aqui-S solution until their operculum rate became slow and irregular (2-3 min).
Fish were then weighed (± 1g), measured (fork length, ± 1mm) and placed ventralside up in a V-shaped surgical cradle. During surgery, 25 mg L-1 of Aqui-S solution
was irrigated over the gills of the fish using a battery operated pump. Vemco® V131L/13TP (13 mm in diameter) transmitters, with a battery life of two years and
weighing < 2% of the body mass of the fish, was inserted into the peritoneal cavity
of each fish via a 20 mm incision on the ventral mid-line between the pelvic fins and
the anus. The incision was closed with two synthetic absorbable sutures
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Table 6.1. Summary of M. colonorum tagged and released in the Shoalhaven River

Fish ID

Sex Fork length
(mm)

1035952
1035953
1035954
1035955
1035956
1035957
1035958
1035960
1036284
1036285
1036286
1036287
1036288
1036289
1036290
1039619
1039758
1039759
1039761

F
F
M
M
F
*
F
*
F
M
F
F
F
F
M
M
M
M
M

360
373
358
366
376
327
403
335
300
321
315
322
312
339
331
312
321
314
314

* Sex could not be determined

Tagging
date

Dist. from
sea (km)

24/09/2007
23/10/2007
21/09/2007
21/09/2007
21/09/2007
14/12/2007
14/12/2007
14/12/2007
21/09/2007
24/09/2007
24/09/2007
24/09/2007
24/09/2007
23/10/2007
24/09/2007
24/09/2007
14/12/2007
14/12/2007
14/12/2007

30.0
30.0
18.8
18.8
18.4
30.0
26.6
30.0
18.8
29.4
30.0
20.5
30.0
26.6
20.5
20.5
30.0
30.0
30.0

No. of days Analysed
monitored
801
94
723
788
747
783
12
791
374
821
820
706
799
469
808
820
650
794
524

Y
N
Y
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
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(Ethicon Vicryl 3-0) and tied with a double surgeons knot. Post surgery, fish were
injected with an antibiotic (oxytetracycline) at a dose rate of 75 mg kg -1 fish weight.
All fish were further identified with an external T-bar anchor tag (Hallprint) inserted
below the dorsal fin. The sex of the fish was determined based on the presence of
reproductive tissue observed during surgery. Fish were allowed to recover in holding
pens until they were able to swim normally, after which they were released at their
point-of-capture within 24 hrs.

A linear array of 28 acoustic receivers (Vemco® VR2W) was deployed in the
estuarine section of the Shoalhaven River (Fig. 6.1). Methods for deploying the
receivers are described in Walsh et al. (2012a, Chapter 4). All receivers were
deployed by September 2007 and continuously monitored until February 2010.
Receivers recorded the time, date, identity and, when available, the water
temperature and depth of the tagged fish that swam within range of a unit. Receivers
were single frequency (69 kHz) omnidirectional units and had mean detection ranges
of 350 m (range, 280-420 m). The location of receivers within the array ensured that
there was minimal chance of tagged M. colonorum escaping detection (0.4%) when
swimming past a receiver, resulting in the continuous extensive monitoring of fish
present within the study area (Walsh et al. 2012a, Chapter 4).

6.2.3 Research procedure
Data from receivers were downloaded bi-monthly and stored in a Microsoft SQL
Server database. Prior to analyses, ‘false’ detections and all single hit data found on
receivers were discarded (see Clements et al. 2005). Once a tagged fish was detected
within the array, it was allocated to a receiver for every second of the day until its

154

last detection. This was determined by halving the time it took the fish to move
between receivers and allocating a equal portion of the time to the receivers that the
fish departed from and arrived at, respectively (Cowley et al. 2008; Walsh et al.
2012b, Chapter 4). The mean daily location of individuals (i.e., distance from sea)
was calculated based on the proportion of time spent within the vicinity of a receiver
(a proxy for known river distance, Walsh et al. 2012b, Chapter 4). Secondly, all fish
and receiver location data were binned into hourly increments, including whether a
fish was detected (presence/absence) during the particular time period.

6.2.4 Analysis of distribution and environmental parameters
Regression analyses and generalised linear models (GLM) were used to investigate if
daily mean salinity, water temperature and river flow influenced the location of M.
colonorum. The Gypsy Point logger station was taken as the reference station for all
regression and GLM analyses, and daily mean salinity and water temperature values
calculated using data measured at the location (Fig. 6.1). This approach was taken as
the aim was to examine how the fish reacted to environmental variation, not how
well they managed to minimise exposure to this variation through movement.

The inherent serial correlation within telemetry data has been well recognised in the
telemetry literature (De Solla 1999; Childs et al. 2008a). This is a problem when
examining the relationship between such data and environmental conditions,
particularly if there is a high level of similarity in environmental conditions between
neighbouring points in space (Aarts et al. 2008), as may be the case with salinity and
water temperature. Two methods were employed to account for this serial
correlation. Firstly, data for each fish was taken from every second day as this time is
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considered more than enough for M. colonorum in this study to traverse their home
range (Walsh et al. 2012b). Taking time series data points beyond this time limit,
known as the ‘time to independence’ (Swihart and Slade 1985), reduces the chance
of dependence between successive data points, a condition for robust regression
analysis, as well as reducing the computational demands for the secondary
autoregression analysis (Aarts et al. 2008). Secondly, a series of autoregression (AR)
models with varying environmental variables were tested against the data, with each
model fitted using generalised least squares fit by maximum likelihood (‘gls’
function in nlme library of the R software, Ihaka and Gentleman 1996). The model
with factors that produced the lowest Akaike Information Criterion (AIC) was
considered the best fitting and most parsimonious model (Aarts et al. 2008). The
autocorrelation structure was fitted for data relating to each fish using both first and
second order AR models. Higher order AR models were tested but resulted in little
change to the model coefficients and no change in the model chosen as the most
parsimonious.

The dependent variable used was the daily mean distance of M. colonorum
individuals from the sea (Distance from Sea). Explanatory variables that where tested
in the model including daily water temperature (Temp), salinity (Salinity) and log
transformed river flow (LogRiverFlow) as well as gender (Sex) and two boolean
variables representing high river discharge (HRD) events (>100 m3.s-1) and low
water temperature (LowTemp) days (≤ 13°C). The latter was incorporated into the
analysis as a substitute for seasonal biological induced movement associated with the
timing of annual M. colonorum spawning behaviour (Walsh et al. 2011, Chapter 3).
River flow data was log transformed in order to improve the normality of the data.
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The HRD variable was included in an attempt to capture the tendency of fish
populations to move downriver during high river discharge events (Loneragan and
Bunn 1999; Robins et al. 2005).

6.2.5 Analysis of temporal periodicity and patterns of detections
Temporal periodicity in M. colonorum detections (i.e., whether fish visited locations
randomly or at recurring time intervals), were determined using Fast Fourier
Transform (FFT) analysis. This method decomposes time period data into a finite
sum of sine and cosine waves of different frequencies, allowing biological cycles in
fish movement to be identified (Hartill et al. 2003; Reyier et al. 2011). Each fish
detected by the array was recorded as “present”, while those undetected recorded as
“absent”. FFT can only be performed on data series lengths that are truncated to a
power of two (i.e., 2, 4, 8, 16….4096, 8192 etc.). As a result, 8192 hrs of data were
available for 14 fish; and 4096 hrs of data for three fish. Daily variations in detection
rates were displayed graphically by determining the mean proportion of total
detections of all fish into hourly bins. As day length varies throughout the year,
detections were further classified as ‘dawn’ (sunrise ± 1 hr), ‘day’, ‘dusk’ (sunset ± 1
hr) and ‘night’. A chi-squared test was used to determine whether fish were detected
more or less often than expected by chance during these time periods. All FFT
calculations and chi-squared tests were performed using MS Excel, and analysed
using the software package Statistica 6 (Statsoft® Inc. 2010).

The influence of diel, tidal state and moon phase on M. colonorum spawning
migrations was examined using circular statistics (Batschelet 1981; Childs et al.
2008b). The mean time of day (hour), tidal state (hours after high tide) and moon

157

phase (day of the lunar month) for each fish was calculated as theta (θ), the mean
direction of the resultant vector (measured in radians). In order to not contravene the
assumption of independence (Grafen and Hails 2002), θ for each fish was then used
to calculate mean θ or time of day, tidal state and moon phase that each tagged M.
colonorum ‘arrived’ at, or ‘departed’ from, the identified ‘spawning grounds’.
Spawning grounds were defined as the area monitored by the first five upstream
receivers within the LE (Walsh et al. 2012b, Chapter 4; Fig. 6.1). The Rayleigh test
of randomness (Batschelet 1981) was used to test whether the timing of these
migrations were random or whether they exhibited ‘directedness/non-randomness’
towards a specific time of day, tidal state, or moon phase.

6.2.6 Analysis of spawning migration and behaviour
The spawning migration behaviour of male and female M. colonorum were
characterised by the date of arrival, date of departure and residency time within the
spawning grounds. The dates of arrival and departure were defined as the first and
last day a tagged M. colonorum spent a full 24 h within the designated area. A nonparametric Kruskal-Wallis ANOVA was used to test the null hypothesis that there
was no significant difference in median days spent within the spawning grounds
between male and female M. colonorum for 2008 and 2009. A Kolmogorov-Smirnov
(KS) maximum difference statistic test (Sokal and Rohlf 1981) was used to test for
any significant difference in the timing and utilisation (i.e., cumulative distribution)
of M. colonorum within the spawning grounds, within and between years, by sex.
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6.3 Results

Tagged M. colonorum were monitored within the Shoalhaven estuary for a period of
12 to 821 days (mean = 649 days) (Table 6.1). Two of the 19 tagged individuals were
not detected after 100 days and were excluded from all analyses. Of the remaining 17
fish, all were present after one year, with 14 fish detected almost two years after
initial capture. Overall, these individuals were present within the estuary across all
months, and were exposed to a wide range of environmental conditions. Tagged M.
colonorum were detected in salinities ranging between 0 and 35 (median = 15.4) and
in water temperatures ranging between 10 and 27°C (median = 20.2). River flow was
relatively constant throughout the study period with four minor floods recorded,
including a 1 in 1.5 year flood event (>250 m3.s-1 mean daily flow rate) in February
2008 (see Fig. 6.2c).

6.3.1 Distribution, movement and environmental parameters
Regression analysis demonstrated that there was a positive correlation between mean
location of M. colonorum individuals within the estuary and salinity (slope = 0.17, r
= 0.31, P < 0.0001). This was particularly evident during the warmer months
(November to March) when individuals moved further upriver with increasing
salinity, and during high river discharge events (e.g., November 2007 and February
2008) when fish migrated downstream in response to the reduction in salinity (Fig.
6.2a and 6.3). Mean fish location was positively correlated with water temperature
(slope = 0.49, r = 0.65, P < 0.0001), particularly during the winter months (June to
August) when fish spent considerable time in the LE (Fig. 6.2b). Although
statistically significant, the negative relationship between M. colonorum location and
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Figure 6.2. Mean distance from sea (black lines) of tagged M. colonorum and mean
daily a) salinity, b) water temperature, and c) river flow (all grey lines). Daily
salinity and water temperatures measured at Gypsy point. River flow recorded at
Grassy Gully.
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Figure 6.3. a) Mean daily river flow (grey bars), salinity (dashed line) and water
temperature (grey line); and b) proportion of daily time spent by tagged M.
colonorum in each river zone (LE, lower estuary; LME, lower middle estuary; UME,
upper middle estuary; UE, upper estuary) during January to April 2008.
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river flow, was weak (slope = -0.02, r = 0.09, P < 0.01). Individuals were observed
to only migrate downstream towards the river mouth in response to river flow events
with mean daily flow rates >100 m3.s-1, with no other real patterns evident for the
remainder of the study (Figs 6.2c and 6.3).

The second order autoregression model Distance from Sea ∼ Salinity + Temperature
was found to be the most parsimonious of all the models tested (Table 6.2, AIC =
29799.2). As expected a high level of first order autocorrelation was found in the
data with 91% correlation between successive two day fish-locations time steps
(Table 6.3b, φ1 = 0.906). Despite this high autocorrelation, the model indicated that
Salinity and Temperature both had a significant influence on fish location (Table
6.3c, P < 0.001). Accounting for the autocorrelation did however remove quite a
number of variables present in the best fitting non autoregressive model (Table 6.2a,
Sex, LogRiverFlow, LowTemp and HRD). There was no significant correlation
found between Salinity and Temperature (r = -0.03, P < 0.05) inferring that these
two environmental conditions have separate influences on the distributions of M.
colonorum.

6.3.2 Temporal periodicity and patterns of detections
Spectral analyses were performed on the 17 fish detected by the array for more than
365 days. Based on presence/absence of detection data, the periodograms of tagged
female and male M. colonorum were identical and indicated two main biological or
behavioural rhythms – diel (females: median 23.9 hrs; males: 24.4 hrs) and tidal
(12.4 hrs for both sexes) (Fig. 6.4). For all fish, the overriding behavioural rhythm
was diel, with a tidal rhythm of lesser strength being detected in 12 of 17 individuals.
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Table 6.2. Comparison of models constructed for estimating the influence of
environmental factors on the daily mean distance of M. colonorum from the sea.
Models are grouped by a) non autoregressive b) first order autoregressive and c)
second order autoregressive. Models with the lowest AIC value indicate the best
fitting and most parsimonious models (in bold). Explanatory variables include daily
water temperature (Temp), salinity (Salinity), log transformed river flow
(LogRiverFlow), gender (Sex), high river discharge (HRD) (> 100 m3/s) and low
water temperature (LowTemp) days (≤ 13°C).

a) Non AR Models
Salinity + Temp + LowTemp + HRD + Sex + LogRiverFlow
Salinity + Temp + LowTemp + HRD + Sex
b) AR1 Models
Salinity + Temp + LowTemp + HRD + Sex + LogRiverFlow
Salinity + Temp + LowTemp + Sex + LogRiverFlow
Salinity + Temp + LowTemp + LogRiverFlow
Salinity + Temp + LowTemp
Salinity + Temp

AIC
39316.8
39332.1
AIC
30022.1
30018.5
30016.9
30015.2
30013.6

c) AR2 Models
Salinity + Temp + LowTemp + HRD + Sex + LogRiverFlow
Salinity + Temp + LowTemp + HRD + LogRiverFlow
Salinity + Temp + LowTemp + HRD
Salinity + Temp + LowTemp
Salinity + Temp

29805.6
29802.2
29801.3
29799.9
29799.2
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Table 6.3. Summary statistics for the most parsimonious models fit to the daily mean
distance from sea that tagged M. colonorum spent using a) no autoregression (Non
AR) b) first order autoregression (AR1) and c) second order autoregression (AR2).
AR φ1 and AR φ2 are the first and second order autoregression parameters
respectively.

a) Best Non AR Model: DistanceFromSea ~ Salinity + Temp +
LowTemp + Sex + LogRiverFlow + HRD
Coefficients
(Intercept)
Salinity
Temp
LowTemp
HRD
Sex
LogRiverFlow

Estimate
13.126474
0.160441
0.251496
5.482536
-3.084296
0.206612
0.105771

s.e.
0.5268437
0.0185534
0.0245072
0.3246014
0.9258554
0.1966542
0.1227056

t-value
24.915309
8.647535
10.262159
16.890057
-3.33129
1.050638
0.861987

P-value
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.2935
0.3887

b) Best AR1 Model: DistanceFromSea ~ Salinity + Temp
Coefficients
(Intercept)
Salinity
Temp
AR φ1

Estimate
20.726735
0.123034
0.121713
0.906

s.e.
0.9063652
0.0349799
0.0371598

t-value
22.867974
3.517276
3.275396

P-value
< 0.001
0.0004
0.0011

c) Best AR2 Model: DistanceFromSea ~ Salinity + Temp
Coefficients
(Intercept)
Salinity
Temp
AR φ1
AR φ2

Estimate
20.303962
0.106118
0.151823
1.079
-0.192

s.e.
0.8486236
0.0338997
0.035063

t-value
23.925757
3.130356
4.330003

P-value
< 0.001
0.0018
< 0.001
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Figure 6.4. Fourier periodicity analysis of presence/absence per hour (8192
continuous hours of detection) for tagged M. colonorum a) males and b) females.
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There was no evidence of any lunar behavioural (detection) cycles in any of the
individuals examined. Macquaria colonourum were detected extensively during the
night, followed by the morning and evening crepuscular periods (i.e., dawn and
dusk), and less during the day (chi-squared: χ2 = 4305.1, d.f. = 3, P < 0.0001). In
particular, 65% of fish were ‘present’ between 2000 and 0500 hrs, with the least
detections recorded between 0700 and 1700 hrs (26%) (Fig. 6.5a). Mirroring these
diel patterns in detectability were the mean depths recorded by tagged M. colonorum.
The shallowest swimming depths were between 0700 and 1700 hours, before a
crepuscular increase to maximum swimming depths between 1900 and 0400 hours
(Fig. 6.5a). In addition, M. colonorum were detected most often on the outgoing tide,
with probability of detection consistently higher (> 52%) for this tidal phase across
all four river zones (Fig. 6.5b).

There were significant trends in relation to the arrival and departure of M. colonorum
migrating to and from the spawning grounds. The mean time of day that fish arrived
in the defined spawning area was 01:54 ± 03:01 (i.e., 1:54 am) (Rayleigh test: r =
0.68, n = 17, P < 0.001), with 71% of all mean arrival times between the hours of
21:00 and 05:00. The mean time that fish departed the spawning grounds was also
during the early evening (21:37 ± 03:36, Rayleigh test: r = 0.88, n = 15, P < 0.001),
with the timing of 73% of the return trips between 19:00 and 01:00. The majority of
tagged M. colonorum utilised the outgoing tide (69%) during their downstream
spawning migration, arriving at the spawning grounds 5.0 hrs ± 1.48 after high tide
(Rayleigh test: r = 0.46, n = 17, P = < 0.05). In contrast, M. colonorum departed the
spawning grounds 8.43 ± 1.48 hrs after high tide (Rayleigh test: r = 0.48, n = 17, P <
0.05), with 65% of fish utilising the incoming tide. There were no significant trends
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Figure 6.5. a) Mean proportion of detections (grey bars) and mean depth (●)
recorded by M. colonorum for each hour of the day, irrespective of river zone. B)
Mean frequency of M. colonorum detections recorded during the incoming ‘flood’
and outgoing ‘ebb’ tidal phases for all river zones (LE, lower estuary; LME, lower
middle estuary; UME, upper middle estuary; UE, upper estuary).
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detected between moon phase (day of the lunar month) and the timing of fish arrival
to, and departure from, the spawning grounds (arrival: 16.83 ± 5.9 days, P > 0.1;
departure: 18.93 d ± 5.9 days, P > 0.1).

6.3.3 Spawning migration and behaviour
All tagged M. colonorum that were still being detected at the end of each spawning
period migrated to the lower estuary on at least one occasion in 2008 and 2009 (Fig.
6.6). In general, all migrations and their subsequent return journeys back to their
original resident sites (up to 30km in distance) were rapid and completed within 12
to 24 hrs. Migration times for each individual included periods of ‘rest’, i.e., fish
were often detected for several hours within the vicinity of ‘in between’ receivers
(i.e., between resident sites and the spawning grounds). The frequency of these
annual migrations ranged between 1 and 5 visits, with population medians identical
between sexes, but not years (Table 6.4). For example, 80% of females and 74% of
males visited the spawning grounds on at least one more occasion in 2008 than in
2009. Overall, the majority of both sexes spent less than 5 days within the spawning
grounds during each visit. In contrast, two males and one female each made only one
extended visit (between 88 and 112 days) to the spawning grounds in both years
(Fig. 6.6b,d,l). The median time spent by males within the lower estuary during the
spawning periods was significantly higher than females in 2008 (ANOVA: H1, 15 =
4.34, P = 0.03), but not in 2009 (P > 0.1). There was no significant difference in
mean duration for each sex between years (females, P > 0.05; males, P > 0.1).
Cumulative distributions of residency, based on time spent within the spawning
grounds were also similar between sexes and among years (K-S test: P > 0.05, Table
6.4, Fig.6.7).
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Figure 6.6. (a-q) Mean daily river location of tagged M. colonorum individuals at
liberty between September 2007 and October 2009 (Transmitter number and sex
noted in each plot).
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Table 6.4. Frequency and duration of visits by female and male M. colonorum, as
well as probabilities of there being no differences in their cumulative residency time
on the spawning grounds in 2008 and 2009.
Females
No. of visits (d)

visit duration (d)

Cumm. Distribution

KS test

median

range

median

range

median

5th-95th %

(2008 vs 2009)

2008

3

1-5

4

2-82

15Jul

04Jun-17Aug

D = 0.014,

2009

2

1-3

5

2-89

14Jul

04Jun-16Aug

P > 0.05

Males
No. of visits (d)

visit duration (d)

median

range

median

range

median

5th-95th %

(2008 vs 2009)

2008

3

1-5

8

1-119

19Jul

31May-26Aug

D = 0.012

2009
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Figure 6.7. Daily proportion of tagged female (grey bars – a, b) and male (black bars
– c, d) M. colonorum present on the spawning grounds (within the first five upstream
receiver stations) during the winter periods of 2008 (a, c) and 2009 (b, d).
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6.4 Discussion

6.4.1 Effects of salinity, temperature and river flow
All tagged M. colonorum remained in the estuary throughout the study and exhibited
spatial and temporal variation in utilisation of hydrographic habitats. Salinity, water
temperature and river flow all had an influence on the distribution and movement
behaviour of M. colonorum. Similar responsive behaviour has been reported for
other estuarine-dependent fishes in the southern hemisphere (e.g., spotted grunter,
Pomadasys commersonnii, Childs et al. 2008a; tupong, Pseudaphritis urvillii, Crook
et al. 2010; black bream, Acanthopagrus butcheri, Sakabe and Lyle 2010) and
northern hemisphere (e.g., brown trout, Salmo trutta, Svendsen et al. 2004; cownose
ray, Rhinoptera bonasus, Collins et al. 2008; bull shark, Carcharhinus leucas,
Heupel and Simpendorfer 2008). High individual site fidelity (Walsh et al. 2012b,
Chapter 4), combined with the relatively low spatial resolution of passive acoustic
telemetry arrays (Heupel et al. 2006), meant that fish distribution and movement, in
relation to subtle changes in environment were difficult to detect. Nevertheless, the
successful modelling of the relationship of salinity and water temperature as
predictor variables for the location of tagged fish present within the estuary was
achieved. Moreover, the influence of other biotic and abiotic factors that were found
to be significant predictors when using non-autoregressive models, were removed
once the best fitting autoregressive model was used. Such results demonstrate the
importance of accounting for autocorrelation in fitting models involving serially
correlated data to detect spatio-environmental relationships in fish behaviour.
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Although there was no significant relationship between river flow and fish location
in the best fit autoregressive model, major declines in salinity levels due to high
freshwater inflows, in particular the February 2008 event (Fig 6.3) resulted in the
downstream movement of the of M. colonorum to the lower estuary. Individuals
remained there for over a month until salinity levels increased back to more
mesohaline conditions (salinity range between 5 and 18), upon which fish returned to
their original resident home ranges. Potentially, such movements may be an
evolutionary

adaption

aimed

at

reducing

energy

costs

associated

with

osmoregulation. Osmoregulation has been found to require up to 10% of the total
energy budget in some estuarine fishes (e.g., Killifish, Fundulus heteroclitus, Kidder
et al. 2006), especially when moving from fresh water to sea water. Therefore M.
colonorum migrating down river during a high river discharge event would allow
individuals to remain in more mixed saline (brackish) water, thus alleviating the
osmo- and thermo- regulatory stress associated with the more ‘fresh’ and cooler
flood waters (Ortega et al. 2009). A similar downstream migratory response to
increased freshwater flows has also been observed in a major prey species (i.e.,
school prawn, Metapenaeus macleayi). Indeed, 47% of M. colonorum dietary intake
in the Shoalhaven River has been found to constitute M. macleayi (Williams 1970).
Known for their intolerance to low levels of salinity, large volumes of these
‘migrating’ penaeids are regularly caught by commercial fishers in the lower estuary
of the Shoalhaven River (W. Ganderton pers. comm.) and other large tidal rivers in
SE Australia after high rainfall events (Ruello 1973; Glaister 1978). Therefore, it is
postulated that freshwater inflows influenced the movement of M. colonorum
through: (i) the direct effect of salinity on the individual, thereby causing their
movement to seek refuge to areas of more suitable environmental conditions; (ii)
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and/or the effect of salinity on the distribution of prey species that may be intolerant
to environmental change.

There was a significant positive relationship between the distribution of M.
colonorum and water temperature throughout the study. In particular, large-scale
downstream and upstream movements were detected in response to declining and
inclining water temperatures, respectively. Fish also migrated downstream when
water temperatures declined in association with periods of high freshwater inflows.
Distinct seasonal water temperature patterns were observed, with lower temperatures
during the winter months (June to August) and higher temperatures during the austral
spring to autumn period. Mirroring these trends were the downstream spawning and
upstream post-spawning migrations made by M. colonorum, respectively. Decreasing
water temperatures (to <15°C) have recently been associated with the initiation of
downstream spawning migrations in the closely related Australian bass, Macquaria
novemaculeata in the Shoalhaven River (Reinfelds et al. 2012, Chapter 5). Harris
(1986) attributes this behaviour as being the main environmental cue driving their
spermatogenesis and ovary conditioning. Certainly it does appear that the spawning
and post-spawning migrations made by tagged M. colonorum were in response to
overall decreasing and increasing water temperatures in both years, with the
emphasis being on the cooling and warming trend rather than any absolute
temperature.

6.4.2 Diel and tidal activity
The detectability of tagged M. colonorum displayed significant behavioural rhythmic
patterns. In particular, fish detections were predominantly nocturnal for all
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individuals, across all locations, with the lowest detection rates recorded during the
middle of the day. Diel behaviour patterns have been observed in many estuarinedependent fishes, with some fish more active at night (e.g., A. butcheri, Sakabe and
Lyle 2010; mulloway, Argyrosomus japonicus, Taylor et al. 2006) while others
exhibit increased movement during the day (e.g., tautog, Tautoga onitis, Arendt et al.
2001). Possible explanations for reduced detection rates in fish during the day time
include: (i) tagged fish moved away from receiver detection range; or (ii)
detectability is reduced when fish retreat to areas of high structural heterogeneity,
hence masking tag transmissions (Arendt et al. 2001; Hartill et al. 2003). Previous
studies (Williams 1970; McCarraher and McKenzie 1986), indicate that M.
colonorum, similar to other percichthyids (e.g., M. novemaculeata, Harris 1983; trout
cod, Maccullochella macquariensis, Thiem et al. 2008) utilise habitats within
structure (e.g., submerged trees, boulders, undercut banks etc.) during the day.
Moreover, tagged fish were detected at shallower depths during the middle of the
day, suggesting that diel behaviour in depth selection may be based on the use of
habitat closer to the shoreline, rather than directed movement up and down in the
water column. While further fine scale continuous tracking is needed to test this
hypothesis, the data suggests that M. colonorum likely occupy the deeper sections of
main channel at night, with fish retreating to the adjacent shallower, structurallycomplex habitats during the day.

There was strong evidence of M. colonorum exploiting particular tides. Tidal flows
in the Shoalhaven River reach velocities up to 1m.s-1 (Miller et al. 2006), and
therefore it is not surprising that tidal biorhythms were observed in 71% of all fish
assessed. Many estuarine-resident fishes (e.g., A. butcheri, Sakabe and Lyle 2010;
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bonefish, Albula vulpes, Humston et al. 2005; white perch, Morone americana,
McGrath and Austin 2009) venture into shallow habitats, such as tidal flats, areas of
submerged macrophytes, and complex structure during inundation on high tides,
while retreating into deep channels during low tides. A similar cyclical behaviour to
utilise particular habitats may also be occurring for M. colonorum in response to the
dynamics of tidal flow, possibly for foraging or predator avoidance (Almeida 1996;
Humston et al. 2005). Macquaria colonorum exhibits high site fidelity, a behavioural
trait that promotes the increased knowledge of locations with high prey densities and
shelter areas (McGrath and Austin 2009). Although, there have been no diel or tidal
based dietary studies done on M. colonorum, previous work has shown that penaeids
and other decapods comprise a large proportion of their diet (Williams 1970; Howell
2004). Diel cycles of emergence and movement are common in burrowing decapods,
with most species burrowing during the day and emerging at night (Vance 1992;
Honculada Primavera and Lebata 1995). Moreover, penaeids have been shown to
have strong tidal-based patterns of behaviour (Dall 1990). Therefore, it is possible
that biorhythmic patterns displayed by highly site fidel species such as M. colonorum
are ‘mimicking’ the cyclical behaviour patterns exhibited by their prey.

6.4.3 Spawning behaviour
Spawning migrations by M. colonorum individuals (up to 30 km in distance) were
completed within 24 hrs, with most fish stopping for extended periods during their
downstream

journey.

Considerable

osmoregulatory

effort

is

required

to

accommodate abrupt increases/decreases in salinity levels (Kidder 2006; Langdon
1987) and it was therefore likely that ‘resting’ fish were waiting for more favourable
environmental conditions, such as selective tidal transport and/or acclimatising to the
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higher salinity regimes (salinities > 30) found in the lower estuary. All but three fish
made multiple visits (up to 5) to one area within the lower estuary during the austral
winter periods of both 2008 and 2009. The frequency of these visits was similar
between sexes and years. However, the visitation rate between years for both sexes
was higher in 2008 than in 2009 and this may be related to river flow. Previous
studies have shown that M. novemaculeata require increased river flows to stimulate
and facilitate their spawning migrations (Harris 1983; Reinfelds et al. 2012, Chapter
5). Moreover, Gillson et al. (2011) found the highest correlations between fisheries
catch per unit effort (CPUE) and freshwater flow coincided with the spawning
periods of several Australian estuarine-dependent fishes. The mean monthly total
river discharge in the Shoalhaven River during the winter period of 2008 was more
than twice the amount for the same period in 2009, with high freshwater inflow
events (> 100 m3. s-1) occurring during August and early September 2008. While all
M. colonorum were capable of carrying out spawning migrations in each of the two
years, ‘freshes’ in the river at critical spawning periods, especially during times of
low flows, may trigger increased visitation frequency.

Male and female M. colonorum migrated to the spawning grounds of the lower
estuary in synchrony. Males remained on the spawning grounds for as long as
females in both years of the study, with significant longer residency recorded in
2008. Similar observations have been made for the American percichthyid striped
bass Morone saxatilus (Carmichael et al. 1998; Douglas et al. 2009). Carmichael et
al. (1998) hypothesised that females and males migrated according to their maturity,
while Douglas et al. (2009) postulated that the exhaustion of reproductive materials
may be a cue for M. saxatilus to leave the spawning grounds of the Miramichi River,
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resulting in the immediate departure of post-spawning females, but a prolonged stay
of males. Spent female fish and males continuing to produce large quantities of milt,
have regularly been observed in both M. colonorum and the M. novemaculeata
populations in the Shoalhaven River during post-spawning periods (C. Walsh pers.
obs.). From an evolutionary perspective, this ensures there are always sufficient ripe
males on the spawning grounds to breed with any ‘late’ arriving females.

Similar to their resident biorhythmic behaviour, there were significant diel and tidal
patterns detected in tagged M. colonorum during annual spawning migrations.
Macquaria colonorum predominantly travelled at night, with fish migrating
downstream on the ebb tide and arriving at the spawning grounds just prior to the
low tide. On return migrations, the majority of fish departed the spawning grounds at
night immediately post low tide, travelling back to their resident summer locations
on the incoming flood tides. Large-scale diel movement and the selective use of tides
are migration strategies typically used by estuarine-dependent fishes (e.g., M.
saxatilus, Windgate and Secor 2007; P. commersonnii, Childs et al. 2008b). These
have been hypothesised as strategies to conserve energy and as a means of predator
avoidance (Almeida 1996; Smith and Smith 1997; Svendsen et al. 2004). In the
Shoalhaven River, the largest of the annual spring ebb tides (peak water velocities)
occur during the night in the austral winter (Miller et al. 2006). This period coincided
with peak migration activity of tagged M. colonorum and with peak abundances of
eggs sampled from ichtyoplankton surveys done within the spawning grounds in
2009 (D. van der Meulen unpl. Data). Therefore, this suggests that M. colonorum has
evolved this biorhythmic behaviour, not only as an adaption for residency and
instream movements, but also as part of its reproductive strategy.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Introduction

This chapter summarises and consolidates the major findings of the current research
project into the ecology and movement behaviour of M. colonorum and M.
novemaculeata, carried out to satisfy the main objectives of this thesis as outlined in
Chapter 1. These findings are also discussed in relation to recommendations and
implications for the future research and management of M. colonorum, M.
novemaculeata, and their environment.

7.2 Biology, ecology and life history of M. colonorum (Objective 1)

This is the first comprehensive and comparative investigation of the age validation,
growth and reproductive biology of M. colonorum populations in south-eastern (SE)
Australia (Chapters 2 and 3). Specifically, the spatial and temporal variability in age
structure and growth of M. colonorum populations were examined, including the
development of an aging protocol. Moreover, the sex-related variability in M.
colonorum size and distribution, size and age at maturity, timing and duration of
spawning seasonality, as well as female reproductive potential (i.e., fecundity and
egg size) were investigated.
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Major findings

•

Latitudinal variation in seasonality of otolith microstructure formation between
populations of M. colonorum were identified. Otolith opaque zones were formed
primarily during the austral winter/early spring period in the more northerly
studied rivers, while those from the southern river were formed during late spring
to autumn (Chapter 2).

•

Macquaria colonorum were found to have a long natural life span. The oldest
fish aged in this study was 41 years, which establishes M. colonorum as the
second longest-living Percichthyidae fish in the world, and is almost double the
maximum age recorded for M. novemaculeata (22 years) (Chapter 2).

•

Sex-related growth differences were found in adult M. colonorum, with females
growing faster and attaining greater asymptotic lengths than males in all rivers
studied (Chapter 2).

•

Population age compositions for all rivers were dominated by one to two strong
year-classes. Correlations between year-strength and high river flows suggests
that strong juvenile recruitment occurs in ‘wet’ spawning years. For rivers with a
history of commercial fishing there was evidence of age truncation (Chapter 2).

•

Sex ratios were significantly skewed in two rivers and size distributions skewed
in all of the three rivers. Overall, M. colonorum females were captured in greater
numbers and were of a larger size than males (Chapter 3).

•

Mean size and age at maturity were greater for females (25.05 cm FL ± 0.85 and
3.75 ± 0.08 yrs, respectively) than males (22.21 cm FL ± 0.50 and 3.28 ± 0.08
yrs) respectively, with no significant difference between rivers studied (Chapter
3).
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•

Macquaria colonorum populations exhibited a protracted spawning season in SE
Australia, with peak spawning occurring earlier in the more northerly distributed
Hawkesbury and Clyde rivers (June to August) than in the Bemm River
(September to November). Ripe females were captured in the lower reaches of
estuaries throughout the spawning period in all rivers (Chapter 3).

•

Macquaria colonorum employs a reproductive strategy of high fecundity and a
group synchronous pattern of oocyte development. Significant positive power
relationships were determined between fecundity and size and age of individuals
(Chapter 3).

This research demonstrated that M. colonorum, similar to M. novemaculeata and
other Australian and global percichthyid fishes, is long-lived and exhibits a flexible
spawning strategy attuned to the highly variable environments in which they are
found. The variation in the timing, periodicity and location of M. colonorum
spawning activity was shown to be attributable to: the latitudinal location of
individual estuaries; environmental factors including photoperiod; salinity and water
temperature; as well as, the age and size structure of the population. The species M.
colonorum exhibits characteristics of a highly fecund multiple batch spawner,
capable of high reproductive output. Their longevity also means that they possess a
long reproductive lifespan which provide populations with some resilience in times
of unfavourable conditions, as evident from their observed variable recruitment
patterns.

Studies of the age, growth and reproductive biology of M. colonorum not only
provided information relevant to the life history and implications for management of
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this species, but also the context and basis for determining the causal processes
affecting their distribution and movement behaviour (Chapters 4 and 6). In
recognising the need to understand patterns and processes, further research relating
to the biology, ecology and life history of M. colonorum is required to:

1. Investigate environmental variables and/or causal processes driving the high
variability in recruitment success found amongst M. colonorum populations.
2. Quantify a more accurate measure of reproductive potential of populations,
based on fecundity and spawning frequency estimates.
3. Determine mortality associated with commercial bycatch and recreational
fisheries to gain an understanding of the impact of fishing on M. colonorum
survival.
4. Assess factors affecting the survival of eggs, larval and juvenile M.
colonorum and M. novemaculeata, including water temperature, salinity
gradient, dissolved oxygen and zooplankton concentration.

7.3. Seasonal residency, habitat utilisation and instream movements of
M. colonorum and M. novemaculeata (Objective 2)

This is the first comparative study done on the residency and movement behaviour of
M. colonorum and M. novemaculeata populations (Chapter 4). This was carried out
using novel acoustic tags and receiver array to monitor both species in the freshwater
and estuarine reaches of the Shoalhaven River, over a two year period. Specifically,
spatial and temporal differences in habitat utilisation, including the timing, location
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and extent of individuals’ home range, as well as seasonal and localised movements
were investigated. Abiotic factors were correlated with movement data so that factors
affecting changes in habitat use or distribution of the two species could be
elucidated.

Major findings

•

Differences between the species were found in the survival rates of tagged fish.
Tagged M. novemaculeata were four times more likely than M. colonorum to be
captured by recreational fishers during the study (Chapter 4).

•

Both species distributions were confined within the extent of the telemetry array.
Macquaria colonorum were only detected in the tidal reaches, while a proportion
of the tagged female M. novemaculeata population resided within the estuary all
year round (Chapter 4).

•

Macquaria colonorum predominantly resided in deep (>5 m) areas within the
middle (mesohaline) reaches of the estuary during the austral spring to autumn
months. Macquaria novemaculeata were distributed in shallow (<2 m) habitats
throughout the year, within the upper (oligohaline) estuarine reaches of the river,
as well as in fresh water (Chapter 4).

•

Individuals of both species made extensive downstream and upstream
movements, coincident with periods of reproductive activity and increased
freshwater inflows (Chapter 4).

Although there were distributional overlaps between M. colonorum and M.
novemaculeata populations, there was evidence that both species occupied largely
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different spatial and vertical habitats within the Shoalhaven River. This suggests that
these species partition habitats, possibly an evolved response to reduce competition
and ensure reproductive isolation in allowing these species to coexist. Macquaria
colonorum and M. novemaculeata displayed high site fidelity, utilising only a small
fraction of their total home range, with most fish returning to the same areas after
larger-scale migrations. These behaviours suggest a contiguous use of relatively
small areas of the river by individuals of both species, with the expanded use of the
available habitat through time rather than extreme rapid movements. This study did
not investigate as to what extent the distribution and movement of these species were
influenced by food availability, reproductive behaviour and/or environmental stimuli.
However, the results did suggest that while Macquaria colonorum and M.
novemaculeata both exhibited a ‘catadromous’ life cycle, this may not be obligatory,
in particular the freshwater residency phase and annual ‘putative’ spawning
migrations by M. novemaculeata were found to be inconsistent.

Comparative telemetry studies on the distribution and habitat utilisation of these
related estuarine-dependent fishes provided movement data that would otherwise be
unattainable by conventional tagging methods. This work has also provided the
impetus for further investigation into biotic and abiotic factors affecting the
distribution movement and spawning behaviour of both species (Chapters 5 and 6).
Further research is recommended to:

1. Investigate ontogenic differences in seasonal residency, habitat utilisation and
movement behaviour through the acoustic tagging of juveniles of both
species.
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2. Examine the finer-scale daily home range and habitat requirements of both
species during non-spawning and spawning periods via the use of continuous
acoustic tracking.
3. Determine variability in seasonal residency and movement behaviour of both
species from geomorphologic and latitudinal distinct river systems, including
those that are regulated and unregulated.
4. Identify biological factors influencing M. colonorum and M. novemaculeata
residency, including spatial and temporal investigations into prey availability.

7.4 Biotic and abiotic influences on the distribution, movement and
spawning behaviour of M. colonorum and M. novemaculeata (Objective
3)

Once seasonal residency and movement patterns were determined for M. colonorum
and M. novemaculeata, potential biological influences and environmental variables
responsible for these processes were investigated (Chapters 5 and 6). Specifically,
the migratory response, speed and behaviour of M. novemaculeata with regard to
river flows and water temperatures were determined. Similarly, the influence of
salinity, water temperature and river flow on the distribution, movement and
spawning behaviour of M. colonorum was investigated. Significant patterns in
detectability (such as those affected by diel, tidal and moon phase) relative to fish
behaviour and movement were also assessed.
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Major findings

•

Environmental variables (and combinations of), including salinity, water
temperature and river flow, were significantly correlated with the distribution and
instream movements of M. colonorum and M. novemeaculeata (Chapters 5 and
6).

•

Significant environmental predictors of fish distribution were removed once best
fit autoregression models were determined, emphasising the importance for
accounting for autocorrelation within serially correlated telemetry data (Chapter
6).

•

Large-scale M. colonorum and M. novemaculeata non-spawning movements
were influenced by large freshwater flood events and the resultant reduction in
salinity levels in the estuary (Chapters 5 and 6).

•

During regulated baseflows, migrant M. novemaculeata exhibited a preference
for dusk-dawn passage through freshwater pools (Chapter 5). Similarly, resident
M. colonorum were more likely detected at night and during the ebb (receding)
tide. During spawning periods M. colonorum migrated downstream on the
receding tide, with return upstream migrations utilising the flood tide (Chapter
6).

•

The majority (62%) of spawning migrations by M. novemaculeata, from fresh
water downstream to estuarine habitats, were correlated to high river flow pulses,
although the remaining proportion of fish (38%) commenced downstream
migrations under regulated baseflow conditions (Chapter 5).
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•

During high river flows, Macquaria novemaculeata commenced downstream
migrations on the falling hydrograph, while fish migrated upstream on the rising
hydrograph (Chapter 5).

•

Periods of active spawning migrations for both species coincided with decreasing
and increasing water temperatures, with emphasis on the cooling and warming
trends rather than any absolute temperature (Chapters 5 and 6).

•

Individuals from both species made several spawning migrations within a season
(Chapters 5 and 6).

•

Location, arrival, departure and occupation time of M. colonorum within the
spawning grounds were similar between sexes and years. However, numbers of
individual visits by both sexes were consistently higher in the ‘wetter’
winter/spring period of 2008 (Chapter 6).

The use of ‘real time’ data allowed the unravelling of linkages of M. colonorum and
M. novemaculeata distributions, movements, spawning and environmental processes
previously undocumented. Overall, large scale movements (non-spawning and
spawning) for both species were correlated with flood events and seasonal cooling
and warming trends of water temperatures. For M. novemaculeata there was no
evidence for increased numbers of migrants with higher river flow pulses. Location,
visitation rates and occupation of the spawning grounds differed between the species.
Behavioural rhythms were consistent over broad temporal and spatial scales, with
changes in detectability significantly influenced by diel or tidal state.
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This section provided new information about the movement and life history of M.
colonorum and M. novemaculeata and provided some initial data to help identify the
causal processes. Further investigations should include:

1. A continuous tracking proponent within the acoustic array that accurately
pinpoints the position of M. colonorum and M. novemaculeata over a wide
range of spatial habitats, providing further insight into fish behaviour and the
environmental influences that act upon them.
2. Determining the spawning location and movement behaviour of M.
novemaculeata under conditions of limited freshwater inflows.
3. Investigating environmental factors affecting the survival of eggs, larval and
juvenile M. colonorum and M. novemaculeata under different river flow
scenarios.
4. Testing the hypothesis that both species behavioural rhythms are mimicking
that of their prey. This would include the investigation of diel and tidal
feeding activity among M. colonorum and M. novemaculeata populations.
5. Determining long term responses of differing environmental conditions on
residency and spawning behaviour of M. colonorum and M. novemaculeata
via extended acoustic telemetry data sets over several years.

7.5 Management implications

Macquaria colonorum and Macquaria novemaculeata are members of a global group
of fishes of ecological and anthropogenic importance, many of which have shown
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declines in distribution and abundance. Currently, the recreational fishery for both
these species in SE Australia is managed at state level via a combination of minimum
size-at-capture, bag limits and seasonal closures. Until now, the management
strategies to protect M. colonorum populations have been based on limited scientific
knowledge and were largely modelled on those that apply to M. novemaculeata.
Information attained in this thesis, including the reproductive ecology of both
species, and the effects that environmental variables have on their life-history and
movement behaviour, is vital to ensuring that future populations are managed in a
suitable and sustainable manner.

The implications of the biological information presented in this thesis (Chapters 2
and 3) for managing M. colonorum are primarily related to recruitment, age
structure, size at maturity and seasonality of spawning. Variable year-class strengths
were observed among M. colonorum populations, indicating successful and
unsuccessful years of recruitment. In particular, the two strongest year class
representatives in the Clyde and Bemm rivers were associated with high river
discharge events in their respective spawning years. Although further investigative
work is required, these observations suggest that river flows, whether natural or
regulated, need to be taken into consideration when managing the stock. Evidence of
age truncation was found in M. colonorum populations from rivers with a history of
commercial and recreational fishing activities. This has serious consequences on
these exploited populations, as the removal of larger, older and potentially more
fecund fish can lead to a reduction in reproductive potential.
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Information on reproductive dynamics is important for fisheries management.
Knowledge of size at first maturity allows the setting of effective minimum legal
lengths to ensure that individuals are allowed to spawn at least once (Hancock,
1992), while providing temporary closures of fisheries during reproduction and
recruitment activity are common management strategies protecting spawning stocks.
In this study, size at maturity and growth of M. colonorum populations did not
display geographic differences. However, there were latitudinal differences in M.
colonorum spawning seasonality. This infers that, at least for some parameters, the
state recreational fisheries can be managed as one stock, while for others a more
regional management approach may be necessary.

Macquaria colonorum and M. novemaculeata individuals exhibit high site fidelity,
with specific habitat and spawning requirements (Chapter 4). The consistency of
individuals of both species in using specific areas for refuge, feeding and spawning
over multiple years (and possibly throughout their long life spans), emphasises the
importance of protecting fish habitats within specific reaches of rivers (Kramer and
Chapman 1999). Aggregating behaviour was evident during the spawning season,
and the fact that large proportions of spawning M. colonorum and M. novemaculeata
were found congregating in species-specific localised areas within the Shoalhaven
River estuary, renders them vulnerable to overfishing. This is particularly relevant as
recreational sports fishing for both species has increased in popularity over the past
two decades and considerable numbers of these fish are caught as bycatch in
commercial estuarine fisheries (Gray et al. 1990; Harris and Rowland 1996; West
and Walford 2000). Therefore, spawning M. colonorum and M. novemaculeata
populations require a localised management approach to ensure that both these
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species are not over-exploited within a portion of their instream range, thus still
maintaining their full reproductive potential.

Knowledge about the influence of biotic and abiotic variables on the distribution,
movement and spawning behaviour of M. colonorum and M. novemaculeata, and the
ability to model these impacts with confidence, is critical to the management of both
these species (Chapters 5 and 6). This is particularly relevant considering future
changes in environmental conditions, combined with increasing anthropogenic
stressors on estuaries (Gillanders et al. 2011). The available information suggests
that there are two likely scenarios related to the possible impact of climate change on
M. colonorum and M. novemaculeata populations in SE Australia. Firstly, a
predicted decrease in freshwater inflows associated with increasing drought severity
(Nicholls 2004; Cai and Cowan 2008) will likely increase upstream saltwater
intrusion, resulting in decreasing habitats for predator and/or their prey species that
prefer brackish waters as well as increasing the possibility of interspecific
hybridisation (Gillson 2011; Shaddick et al. 2011). Secondly, combined with an
overall trend of increasing atmospheric and water temperatures, climate change is
likely to have ramifications for estuarine-dependent species that prefer specified
spawning habitats with critical temperature requirements for optimal egg and larval
survival (Beckman 1999).

Higher numbers of spawning migrations of M. colonorum were made during ‘wetter’
years, whereas M. novemaculeata migrations were initiated on relatively small
magnitude river flow pulses. This highlights the importance of providing sufficient
baseflows to mimic natural seasonal variability for these species, in common with
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many native Australian fishes which migrate under relatively low flow conditions
(Mallen-Cooper and Stuart 2003; Mallen-Cooper and Brand 2007). In the regulated
Shoalhaven River, Reinfelds et al. (2010) found that during periods of water supply
augmentation in times of severe drought, floods equivalent to the 1.1-year annual
maximum event (similar to that registered in winter/spring 2008) can be fully
captured by Tallowa Dam. Any large changes in the magnitude and frequency of
drought climatic cycles affecting freshwater inflows could suppress or remove
migratory stimulatory cues, and exacerbate the already highly variable inter-annual
recruitment patterns found in M. colonorum and M. novemaculeata populations.
Therefore in regulated river systems, appropriate water management strategies must
be considered when maintaining the reproductive potential of these estuarinedependent fishes.

7.6 Conclusion

In this study the use of traditional spatio-temporal survey techniques combined with
recently developed acoustic technology, considerably broadened the knowledge of
the life history, reproductive ecology and movement behaviour of M. colonorum and
M. novemaculeata. Similar to other Australian percichthyid and estuarine-dependent
fishes, M. colonorum was found to be long-lived, highly fecund, with a reproductive
life span that exhibits a multiple spawning strategy. Although historically managed
as one stock, observed differences in residency and movement behaviour between M.
colonorum and M. novemaculeata confirmed both species undergo some degree of
spatial and temporal reproductive isolation in drainages where they are sympatric.
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Their high site fidelity and innate response to environmental fluctuations and
complex underlying behavioural mechanisms, confirmed that both species have
developed unique and flexible life history strategies, enabling them to cope with the
inherent and highly variable climatic conditions typical of SE Australia. Further
investigations, suggested above, will provide a greater understanding of the
physiological, behavioural and ecological linkages through which environmental
factors influence the distribution, movement and recruitment success of M.
colonorum and M. novemaculeata populations, and ultimately contribute to the
assessment of the potential threats and appropriate management of estuarinedependent fishes and their environment.
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Appendix 1. Summary of M. colonorum tagged and released in the Shoalhaven
River. (Data used in Chapter 4).

Transmitter S/N Cohort Sex Fork Length (mm) Release Date Dist. from Sea (km)
1035952
1035953
1035954
1035955
1035956
1035957
1035958
1035960
1036284
1036285
1036286
1036287
1036288
1036289
1036290
1039619
1039758
1039759
1039761
1053372
1053373
1053374
1053377
1053378
1053379
1057408
1057409
1057410
1057411
1057412
1057414
1057416
1057417

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2

F
F
M
M
F
U
F
U
F
M
F
F
F
F
M
M
M
M
M
U
U
F
F
U
F
M
F
M
M
M
M
F
M

360
373
358
366
376
327
403
335
300
321
315
322
312
339
331
312
321
314
314
275
294
304
304
300
278
272
326
287
308
275
276
261
277

24-Sep-07
23-Oct-07
21-Sep-07
21-Sep-07
21-Sep-07
14-Dec-07
14-Dec-07
14-Dec-07
21-Sep-07
24-Sep-07
24-Sep-07
24-Sep-07
24-Sep-07
23-Oct-07
24-Sep-07
24-Sep-07
14-Dec-07
14-Dec-07
14-Dec-07
14-May-08
14-May-08
14-May-08
14-May-08
14-May-08
14-May-08
12-Aug-08
12-Aug-08
12-Aug-08
12-Aug-08
12-Aug-08
12-Oct-08
12-Oct-08
12-Oct-08

30.0
30.0
18.8
18.8
18.4
30.0
26.6
30.0
18.8
29.4
30.0
20.5
30.0
26.6
20.5
20.5
30.0
30.0
30.0
29.4
19.7
29.4
19.7
29.4
19.7
5.7
5.7
5.7
5.7
5.7
29.4
19.7
20.5

DaysOut
759
94
723
762
747
678
12
678
374
759
759
706
759
469
759
759
650
678
524
264
515
497
509
491
164
92
396
384
33
99
374
2
374
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Appendix 2. Summary of M. novemaculeata tagged and released in the Shoalhaven
River. (Data used in Chapter 4).

Transmitter S/N cohort Sex Fork Length (mm) Release Date Dist. from Sea (km) DaysOut
1036282
1036283
1039617
1039620
1039621
1039623
1039624
1039695
1039696
1039697
1039698
1039699
1039700
1039701
1039702
1039703
1039704
1039618
1039622
1039625
1039626
1039749
1039750
1039751
1039752
1039753
1039754
1039755
1039756
1039757
1053020
1053021
1053022
1053023
1053025
1053026
1053027
1053028
1053029

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

F
F
U
F
M
U
F
F
F
F
F
M
F
F
U
U
M
U
U
U
U
U
U
U
U
U
U
U
U
U
U
U
U
U
U
U
U
U
U

367
346
355
364
346
348
328
414
373
428
370
375
364
419
445
386
429
388
346
355
341
416
393
335
329
326
351
355
365
415
407
340
335
347
350
400
345
395
386

21-Sep-07
21-Sep-07
23-Oct-07
23-Oct-07
24-Sep-07
23-Oct-07
23-Oct-07
24-Sep-07
23-Oct-07
23-Oct-07
23-Oct-07
23-Oct-07
23-Oct-07
24-Sep-07
24-Sep-07
23-Oct-07
24-Sep-07
25-Mar-08
25-Mar-08
25-Mar-08
25-Mar-08
25-Mar-08
25-Mar-08
25-Mar-08
25-Mar-08
25-Mar-08
25-Mar-08
25-Mar-08
25-Mar-08
25-Mar-08
07-Apr-08
07-Apr-08
07-Apr-08
07-Apr-08
07-Apr-08
07-Apr-08
07-Apr-08
07-Apr-08
07-Apr-08

18.8
18.8
45.5
45.5
34.7
45.5
26.6
35.6
45.5
30.0
45.5
45.5
45.5
34.7
35.6
45.5
34.7
45.5
45.5
45.5
45.5
45.5
45.5
45.5
45.5
45.5
45.5
45.5
45.5
45.5
73.9
72.8
45.5
45.5
45.5
73.9
72.8
45.5
45.5

330
1
1
44
29
130
143
603
16
353
329
16
107
114
759
1
757
554
136
365
703
709
90
684
699
112
482
74
15
546
31
229
201
304
302
77
406
170
237

